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Production  of  Intense  Negative  Ion  Beams 
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Doctor  of  Philosophy  in  Physics 
University  of  California,  Irvine,  1988 
Professor  Norman  Rostoker,  Chair 
Professor  Amnon  Fisher,  Co— Chair 


A  lot  of  effort  has  been  put  in  the  last  few  years  in  development  of  intense 
high  energy  positive  ion  beams.  Ion-beam  sources  were  built  for  use  in  inertial 
confinement  fusion, magnetic  confinement  fusion  and  beam  propagation  studies. 
Most  of  these  ion  sources  use  magnetically  instilated  diodes.  In  these  diodes  a 
plasma  is  produced  on  the  anode’s  surface  and  ions  are  extracted  and  accelerated 
by  a  high  voltage  pulse  to  produce  a  beam.  Electrons  are  prevented  from 
reaching  the  anode  by  applying  a  magnetic  field  in  the  high  voltage  gap,  thus 
creating  what  is  called  a  “magnetic  insulation” . 

Power  losses  in  magnetically  insulated  diodes  led  to  the  suggestion,  which 
was  first  made  by  a  group  at  UCI  ,that  negative  ions,produced  in  the  cathode’s 
plasma  are  responsible  for  these  losses.  Preliminary  experiments  at  UCI  showed 
negative  ion  currents  of  10“^  times  the  space  charge  limited  value.  A  detailed 
work  followed  by  a  group  at  Sandia  National  Labs,  who  studied  H~  production 


in  magnetically  insulated  transmission  lines  (MITL)  [2  —  4].  These  works  gave 
rise  to  the  hope  of  producing  intense  beauns  oi  H~  ions  in  high  power  diodes. 
Following  this  approach, a  group  at  the  Lebedev  institute  in  Moscow  reported  a 
series  of  experiments  in  a  cylindrical  symmetric  coaxial  magnetically  insulated 
diode.in  which  H~  ion  beams  with  current  densities  of  lOOA/crn^  and  energy  of 
a  few  hundred  Kev  were  produced.  They  reported  that  a  high  voltage  prepulse 
was  necessary  to  get  these  high  current  densities.  Independent  efforts  at  at 
Ecole  polytechnique  in  Fraince  and  at  Tomsk  to  reproduce  and  understaind  the 
Lebedev  results  have  had  no  success  in  producing  high  current  densities. 

Our  purpose  was  to  study  the  production  of  intense  negative  ion  beams  in 
magnetically  insulated  diodes,  and  to  develop  an  imderstanding  of  this  process 
by  measuring  the  ion  beeim  peu’ameters  as  a  function  of  diode  and  cathode  pleisma 
conditions  in  different  magnetically  insulated  diodes.  We  tried  a  coaxizd  diode, 
a  racetrack  diode  and  an  annular  diode.  We  used  the  UCI  APEX  pxilse  line 
that  has  a  nominal  output  of  IMV,  140kA  under  matched  conditions  with  a 
pulse  length  of  SOnsec.  Negative  ion  intensity  and  divergence  were  measured 
with  Faraday-cups  and  CR-39  track  detectors.  Cathode  plasma  was  produced 
by  passive  dielectric  cathodes  and  later,  by  an  independent  plasma  gun.  This 
pl2isma  gim  was  introduced  in  order  to  be  able  to  control  cathode  plasma 
par2uneters  and  production  time. 

Negative  ion  currents  had  an  intensity  of  a  few  A/cm^  with  a  divergence 
ranging  between  a  few  tenths  milliradians  for  an  active  TiH2  plasma  gun  and 
300  milliradians  for  a  passive  polyethelene  cathode.  Negative  ions  were  usually 
emitted  from  a  few  ’’hot  spots”  on  the  cathode  surface.  These  ’’hot  spots”  are 
believed  to  cause  transverse  electrical  fields  in  the  diode  gap  responsible  for  the 
beam  divergence.  Mass  spectrometry  measurements  showed  that  the  ion  beam 
consists  of  mainly  H~  ions  when  using  a  polyethelene  or  a  TiH2  cathodes,  and 
mainly  of  negative  carbon  ions  when  using  a  carbon  cathode.  About  10%  of 
the  negative  ions  produced  were  due  to  residual  gas  molecules  adsorbed  on  the 
cathode  surface.  This  was  checked  by  using  a  bare  aluminum  cathode.  Negative 


ion  production  in  the  cathode  plasma  seems  to  be  insensitive  to  the  type  of 
diode  used.  Beam  properties  on  the  other  hand,  are  of  course  sensitive  to  diode 
geometry. 

The  above  results  are  discussed  in  connection  with  other  measurements  done 
on  magnetically  insulated  diodes  by  other  groups.  The  most  interesting  relation 
is  with  neutrad  particles  density  measurements  done  on  cathode  and  anode 
plasmsis.  This  is  because  the  highest  cross  section  for  negative  ion  production 
is  through  a  collision  of  an  electron  with  a  highly  vibrationally  excited  neutreil 
molecule.  We  then  also  discuss  the  "hot  spot”  phenomena  in  our  experiment  in 
connection  with  a  similar  phenomena  regarding  electron  emission  from  a  few  sites 
on  the  cathode  surfaxje  in  magnetically  insulated  diode.  A  model  is  suggested 
in  which  negative  ions  sjre  produced  by  collision  of  neutrzJs  and  electrons  at 
the  low  density  interface  between  the  cathode  plasma  and  the  electron  negative 
charge  layer. 


Chapter  1  INTRODUCTION 


1.1  Background 

1.1.1  Significance  and  uses  of  negative  ion  beams. 

The  development  of  pulsed  power  technology  during  the  last  30  years  made 
it  possible  to  produce  high  intensity  ion  and  neutral  particle  beams.  Machines 
have  been  built  which  can  produce  very  high  energy  short  time  pulses.  A 
typical  pulse  has  a  voltage  of  a  few  megavolts  with  a  duration  of  a  few  tens 
of  nanoseconds  and  a  current  of  tens  to  himdreds  of  kiloamperes. 

High  intensity  neutral  beams  have  a  broad  variety  of  applications.  The  mzun 
goal  towards  which  the  research  in  this  area  has  been  aimed  is  the  production  of 
high  intensity  neutral  beams  for  fusion  purposes.  The  beam  is  needed  in  order 
to  heat  a  magnetically  confined  plasma  to  the  10  keV  temperatures  required 
for  fusion.  A  high  intensity  neutral  beam  can  also  be  used  for  directed  energy 
weapon  purposes  as  well  as  for  research  in  different  types  of  beam  propagation 
and  beam-plasma  interaction  studies. 

Much  of  the  research  effort  in  this  area  has  been  directed  towards  producing 
high  intensity  positive  ion  beams  and  passing  them  through  a  neutredizing  cell 
in  order  to  get  a  high  intensity  neutral  beam.  The  positive  ion  beam  is  usuedly 
produced  in  a  magnetically  insulated  diode.  In  this  types  of  diode  a  plasma 
is  produced  on  the  anode  surface.  Ions  are  extracted  from  this  plasma  and 
accelerated  by  a  high  voltage  pulse  to  produce  a  beam.  Electrons  are  prevented 
&om  reaching  the  anode  by  applying  a  magnetic  field  in  the  high  voltage  gap, 
thus  creating  what  is  called  magnetic  insulation. 

Power  losses  in  magnetically  insulated  diodes  led  to  the  suggestion,  which 
was  first  made  by  a  group  at  UCI  [1],  that  negative  ions  produced  at  the 
cathode  plasma  are  responsible  for  these  losses.  The  existence  of  these  ions 
in  the  cathode  plasma  led  to  the  idea  of  using  magnetically  insulated  diodes  for 
intense  negative-ion  beam  production. 


The  intense  reseairch  which  was  cairried  out  in  order  to  produce  positive  ion 
beams  brought  with  it  new  types  of  magnetically  insulated  diodes.  People  got 
a  better  understanding  of  the  physical  phenomena  occurring  at  these  diodes. 
Intense  positive  ion  beams  with  beam  intensities  of  the  order  of  a  few  thouszuid 
ampers  per  square  centimeter  have  been  produced.  An  excellent  review  of  the 
research  done  on  positive  ion  production  in  magnetically  insulated  diodes  wets 
written  by  Humpheris  [2]. 

In  order  to  convert  the  intense  positive  ion  beam  to  a  neutral  be2im 
neutreJizing  cells  have  been  used.  The  problem  with  this  scheme  is  that  the 
efl&ciency  of  the  neutralizing  cell  is  very  low  for  positive  ions  with  energy  above 
80  keV  SIS  can  be  seen  from  FIG.  1-1. 


Hydrogen  tMam  energy  (HeV) 
per  nucleon 

FIG  1-1:  Neutralizing  gas-cell  efficiency  for  negative  hydrogen  ion-beam 
(after  Fink  [3]  ). 

The  binding  energy  of  the  outer  electron  in  a  hydrogen  atom  is  13.6  eV 
while  the  outer  electron  in  a  negative  hydrogen  ion  has  a  binding  energy  of  0.7 
eV.  As  we  shall  see  later,  it  is  much  simpler  and  easier  to  neutrsJize  a  negative 
hydrogen  ion,  than  to  do  the  same  for  a  positive  one.  It  looks  thus  very  attractive 
to  combine  the  technology  of  high  voltage  magnetically  instated  diodes  with 
the  production  of  high  intensity  negative  ion  beams  in  order  to  produce  high 
intensity  neutral  beams. 


1.2  Description  of  the  Experiment 

1.2.1  Experimental  goal 

The  objective  of  the  work  reported  here  is  to  measure  the  production  of 
negative  ion  beams  in  different  magnetically  insulated  diodes  configurations. 
Pleisma  in  these  diodes  is  created  close  to  the  cathode  surface  amd  negative  ions 
are  extracted  from  it  and  accelerated  via  a  high  voltage  (1-2  MeV)  short  time 
(50-75  nsec)  pulse.  Our  objective  is  to  identify  the  favorable  conditions  for 
negative  ion  production.  By  this  we  mean  the  we  intend  to  investigate  the  effect 
of  cathode  dielectric  material,  cathode  shape,  presence  of  a  high  voltage  prepulse 
or  any  other  factor  which  could  effect  the  cathode  plasma  in  which  these  ions 
are  believed  to  be  produced.  The  effect  of  cathode  plausma  pMameters  could  be 
checked  by  building  an  independent  plasma  gun  that  could  produce  the  cathode 
plasma.  Plasma  parameters,  including  density,  temperature  zmd  creation  time 
could  be  controlled  and  their  effect  on  negative  ion  creation  be  checked.  We  also 
intended  to  see  how  the  diode  shape  effects  negative  ion  production  by  working 
with  three  different  types  of  magnetically  insvdated  diodes.  Physical  properties  of 
the  beam,  including  beam  divergence,  homogeneouty,  and  ion  mass  composition 
were  measured.  As  we  shall  see  later,  we  tried  to  mcMure  many  other  physical 
phenomena  which  could  clarify  the  physicid  picture.  These  include  tadcing  x-ray 
picture  of  the  die  measxiring  x-ray  and  visible  light  intensity  as  a  function 
of  time  and  takin*  JR-39  ion  track  pictures  of  the  cathode. 

The  experiments  described  here  have  of  comse  the  practical  goal  of  produc¬ 
ing  intense  negative  ion  beams.  But  they  also  have  the  goal  of  understanding 
the  production  mechanizm  of  negative  ions  in  the  cathode  plasma.  The  cath¬ 
ode  plasma  consists  usually  of  hot  spots  from  which  high  electron  currents  eure 
drawn.  The  emission  of  negative  ions  might  be  related  to  these  hot  spots.  By 
meMuring  the  intensity  of  negative  ion  emission  from  the  cathode  surface  we 
can  understand  better  the  behaviour  of  the  cathode  plasma  and  the  production 
of  negative  ions  in  it. 


iTioi^rictic  coil 


a:  Cylindrically  symmetric  coaxial  diode. 


b:  Racetrack  diode. 
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Figure  1-2:  Different  types  of  magnetically  insulated  diodes  used  in  this 
work. 


1.2.2  Experiment  description 


We  studied  negative  ion  beams  from  three  types  of  magnetically  insulated 
diodes.  The  first  diode  is  a  cylindrically  symmetric  coaxial  diode.  The  diode 
consists  of  an  inner  cathode  made  of  a  conducting  cylinder  coated  with  dielectric 
material  euid  ein  outer  wire-mesh  cylinder  which  serves  as  the  anode  (see  figure 
1-2  a).  The  diode  was  adapted  to  the  UCI  APEX  pulse  line  that  has  a  nomonaJ 
output  of  1  MV  140  kA  under  matched  conditions  with  a  pulse  length  of  50 
nsec.  An  axial  magnetic  field  of  14  kGauss  prevents  the  electrons  from  crossing 
the  high-voltage  gap.  Beam  intensity,  divergence,  eind  maiss  composition  were 
traced  via  a  CR-39  track  detector.  Electrical  measurements  of  the  beam  current 
with  a  Faxaday-cup  were  unsuccessful  in  this  case  due  to  the  beaun  divergence 
in  the  vertical  direction.  Cathodes  made  of  carbon,  aluminum  and  polyethelene 
coated  aluminum  with  different  shapes  were  tried.  CR-39  pictures  of  the  beam 
at  the  wire  mesh  were  talcen.  These  pictures  were  used  to  check  the  plasma 
uniformity  and  negative  ion  production  in  it.  Pictures  of  the  diode  using  an 
x-ray  pinhole  camera  gave  us  information  about  the  behavior  of  the  electrons 
in  the  diode  and  the  effectiveness  of  the  magnetic  insulation. 

Another  diode  configuration  we  tried  is  called  the  racetrack-diode.  The 
cathode  has  a  paddle  shape  euid  is  located  at  the  middle  of  a  wire  mesh  box 
which  serves  as  the  ainode.  The  same  box  is  used  to  hold  the  magnetic  field 
coil  turns  (see  figxire  1-2  b).  Ion  beam  intensity  was  measured  with  a  Faraday 
cup  charge  collector  and  track  coimting  using  a  CR-39  track  detector.  CR-39 
pinhole  camera  pictures  were  used  to  measure  beam  divergence  as  well  as  plzisma 
homogeneity.  We  tried  cathodes  made  of  TiH2,  carbon,  and  polyethelene  covered 
aluminum.  The  results  indicated  that  the  APEX  machine  prepulse  affects  the 
production  of  negative  ions  in  the  diode.  The  APEX  machine  has  a  prepulse  of 
about  2%  when  using  a  resistive  supressor,  and  about  10%  when  the  resistor  is 
disconnected.  To  simulate  the  effect  of  the  prepulse  we  have  built  a  prepulsed 
plasma  generator  which  produces  plasma  in  the  high  voltage  gap  before  the  high 


voltage  pulse  arrives.  Plasma  density  as  well  as  time  of  production  could  be 
controlled.  The  plasma  gun  timing  was  meaisured  with  a  light  collecting  optical 
fiber  connected  to  a  photomultiplier.  The  plasma  gun  dashboard  cathode  has 
a  circuit  creating  arcs  across  120  groves  on  the  cathode  surface.  We  filled  this 
groves  with  TiH2  and  also  tried  epoxy  filled  groves.  We  put  different  types 
of  wire  meshes  in  front  of  the  flashboard  to  see  how  they  effect  the  pleisma 
homogeneouty  as  well  as  negative  ion  production. 

The  last  type  of  diode  investigated  is  called  an  annular-diode.  Two 
concentric  cylindrical  coils  produce  a  radially  magnetic  field  in  the  anode  cathode 
gap.  The  anode  consists  of  two  coplanar  carbon  rings  attached  to  one  edge 
of  the  coils.  The  cathode  consists  of  another  ring  spaced  parallel  to  the  two 
carbon  rings.  All  rings  are  aligned  perpendicular  to  the  coils  axis  (see  figure 
1-2  c).  We  measxired  the  negative  ion  production  in  this  diode  using  a  cathode 
made  of  carbon  brushes  and  also  a  polyethelene  coated  cathode.  We  then  built 
a  prepulsed  annular  plzisma  gun  and  measured  the  production  of  negative  ions 
under  different  plasma  parameters  and  with  diff'.;ient  tj'pes  of  wire  mesh  in  front 
of  the  plasma  gun.  Ion  measuring  techniques  were  very  similar  to  the  ones  used 
in  the  racetrack  diode  experiment  and  included  Feiraday  cup  charge  collectors 
together  with  CR-39  track  detectors. 

1.3  Thesis  Outline 

We  start  the  thesis  by  reviewing  previous  work  done  on  production  of 
intense  negative  ion  beams.  This  review  is  the  subject  of  chapter  2.  The  seune 
chapter  also  reviews  related  work  like  research  on  negative  ion  production  in 
transmission  lines  or  discharge  negative  ion  sources.  Chapter  3  deals  with  general 
experimental  techniques  used.  These  include  Faraday  cup  measurements,  CR-39 
track  detectors,  Langmuir  probe  meaisurements  of  plasma  parameters,  and  x-ray 
emission  measurements.  This  chapter  also  includes  a  description  of  the  APEX 
machine  together  with  the  vacuum  system  and  diode  high  voltage  and  current 
measurements.  Chapter  4  describes  the  prepulsed  plasma  gun.  It  contains  a 


description  of  the  electronic  circuit,  the  construction  of  the  flashboard  cathode 
and  the  light  measuring  system  used  mainly  to  measure  the  plasma  gun  timing. 

Chapters  5,6  and  7  describe  experiments  on  three  types  of  magnetically 
insulated  diodes.  Chapter  5  describes  the  experiments  done  on  a  cylindrically 
symmetric  coajciai  diode.  The  chapter  contains  a  discussion  of  the  physical 
phenomena  occurring  in  this  diode  and  how  they  could  effect  the  production 
of  negative  ions  in  it.  Chapter  6  contains  the  results  of  experiments  done  on 
a  racetrack  type  diode  with  a  discussion,  and  chapter  7  contmns  results  and 
discussion  for  an  annulatr  diode. 

Chapter  8  deals  with  models  that  could  explain  how  negative  ions  axe 
produced  and  accelerated  in  magnetically  insulated  diodes.  The  chapter  expleiins 
how  the  cathode  plasma  is  produced  through  what  is  cedled  explosive  emission 
during  which  negative  ions  can  be  created.  It  explzdns  how  similar  phenomena 
occur  in  an  arc  dischsn'ge  (which  is  the  phenomena  occurring  in  the  prepulsed 
plasma  gun).  It  also  deals  with  the  conditions  under  which  negative  ions  exist 
in  a  plasma.  Chapter  9  summarizes  the  conclusions  of  this  thesis. 


Chapter  2  REVIEW  OF  PREVIOUS  WORK 


2.1  Introduction 

This  chapter  contains  a  review  of  negative  ion  physics  and  production.  It 
begins  with  a  general  description  of  the  properties  of  negative  ions  and  then 
describes  what  axe  the  main  physical  mechzmisms  through  which  negative  ions 
are  produced  and  destroyed.  Then  there  eire  a  few  exEunples  of  discharge  type 
negative  ion  sources. 

We  next  describe  the  work  done  on  producing  high  intensity  negative 
ion  beams  in  magneticsdly  insulated  diodes.  This  part  2Jso  contains  work  on 
magnetically  insulated  transmission  lines  in  regard  to  negative  ion  production. 
This  phenomena  was  investigated  since  negative  ions  cross  the  high  voltage  gap 
despite  the  insulating  magnetic  field  and  cause  leakage  cxirrent  in  transmission 
lines. 


2.2  Negative  ions  production  and  properties 

2.2.1  Negative  ions  and  how  they  are  formed 

Because  of  the  expansion  of  knowledge  about  negative  ions  their  influence 
on  the  nature  of  physical  phenomena  in  which  they  are  concerned  has  been 
understood  in  much  greater  detail.  This  applies  to  light  absorption  in  stellar, 
including  solar  atmospheres,  and  to  electric  discharge  emd  breakdown  phenom¬ 
ena  in  electronegative  gases  and  in  the  terrestrial  ionosphere.  Negative  ions  2u-e 
employed  in  tandem  and  circular  particle  accelerators  zind  in  various  types  of 
gas  discharge  sources  for  producing  neutral  beams.  A  few  review  works  have 
been  written  about  the  large  variety  of  experiments  performed  with  negative 
ions.  The  books  of  Massey  [4]  and  Smirnov  [5]  include  an  extensive  background 
of  the  subject.  Since  in  our  experiment  we  tried  to  get  beams  of  hydrogen  or 
carbon  we  shsJl  restrict  this  backgrotmd  survey  to  these  ions. 


ion 

E(eV) 

H- 

0.76 

Li- 

0.34 

B- 

0.12 

c- 

1.37 

CH- 

0.74 

cr 

3.50 

OH- 

1.83 

0- 

1.80 

or 

0.47 

Al- 

-0.16 

Si“ 

0.60 

cr 

3.7 

Table  2-1.  Values  of  electron  affinities  of  a  few  common  negative  ions,  (after 
Smirnov  [4]) 


Table  2-1  gives  the  electron  aifinity  values  of  a  few  negative  ions.  Notice 
that  carbon  makes  a  very  stable  negative  ion.  The  negative  hydrogen  ion  has  a 
quite  low  affinity  (0.76  eV).  It  will  lose  the  extra  electron  very  easily.  Residual 
molecules  which  exist  in  oil  pumped  vacuum  systems  can  zdso  make  negative 
ions.  These  include  O2  molecules  as  well  as  CH  molecules. 

The  unbound  states  of  negative  ions  form  a  continuum  just  as  do  the 
corresponding  states  for  neutral  atoms.  However  whereas  the  unbound  electron 
in  the  latter  case  moves  in  a  field  which  falls  off  asymptoticadly  at  Izirge  distances 
from  the  nucleus  as  r“S  for  negative  atomic  ions  the  interaction  falls  off  much 
faster  due  to  poleurization  effects.  This  fact  together  with  the  low  binding 
energies  make  it  unhkely  that  any  of  these  atomic  ions  have  any  excited  states. 
There  is  some  evidence  however  that  a  metastable  state  of  C“  exists  with 
detachment  energy  of  O.OSeV  [6].  Molecular  ions  do  have  metastable  states. 
Resonance  states  of  have  been  observed  in  an  energy  range  extending  from 
11.15  eV  above  the  ground  state  of  H2  [7j.  C2  has  an  excited  state  lying  2.0  eV 
above  the  ground  state-which  seems  to  be  stable  [8]. 

Negative  ions  are  formed  through  a  few  collision  processes.  The  first  process 
is  called  bound  electron  capture.  It  happens  when  two  neutral  atoms  or  molecules 
collide  through  a  reaction  of  the  t3rpe: 


x  +  y  — .  X-  + 


(2.1) 


or 


x+  +  y  — .  x"  +  y++ 


(2.2) 


Negative  hydrogen  ions  zire  produced  usually  through  the  reactions: 


H  ■¥  Hi  ^  H-  +  Ht  — >H-  +  H 


(2.3) 


or 


H  Hi 


(2.4) 


Cross  section  for  this  reactions  is  around  10  cm^  for  hydrogen  atoms 
with  energies  peaked  around  10  keV  as  can  be  seen  from  FIG.  2-1  . 


Figure  2-1:  Cross  section  for  electron  capture  by  a  hydrogen  atom  (zdter 
Massey  [9]  ). 

The  most  important  processes  are  the  dissociativt  processes.  They  are 
separated  into  reactions  of  the  type: 

XY  +  e  — >X  +  Y~  .  (2.5) 

called  dissociative  attachment  processes,  and  reactions  of  the  type: 

XY  +  e^X-*-  +  Y-  +  e  (2.6) 


called  polar  dissociation. 

In  1960  Ehlers  [10]  had  successfully  extracted  a  oirrent  of  5mA  of  negative 
ions  from  a  Penning  type  hydrogen  ion  source  and  attributed  these  ions  to  polsir 
dissociation.  Since  then  much  work  has  been  done  on  investigating  the  reactions 
which  lead  to  such  high  cvurent  densities.  In  1984  York  [11]  was  able  to  extract 
35  mA  H“  from  what  is  called  a  multicusp  source.  The  processes  which  take 
part  in  an  electrical  discharge  in  hydrogen  gas,  and  can  produce  negative  ions 


are  [12]: 


€  +  H2  — >  H'  (£  =  3.75CV  ;  a  =  1.5  x  10'“  cm^)  (2.7) 

e  +  — *  H~  (£  =  lO.OeV  ;  <7  =  1.4  x  10"^°  cm^)  (2.8) 

t  +  H2  — >  H-  +H*  (£  =  14.2cr  ;  a  =  3.5  x  lO"^®  cm^)  (2.9) 


e  +  /fj  — >  H~  +H-^  -\-e  (£  >  17.6eV  ;  a  =  2  -  3  x  10“2“  cm^)  (2.10) 

It  is  believed  today  [13]  that  dissociative  attachment  to  highly  excited 
molecular  energy  levels  (2.9)  is  the  most  probable  source  of  negative  ions  in 
hydrogen  discharges,  with  the  active  portion  of  the  vibrational  spectrun  occuring 
above  u"  =  5.  Indeed,  a  calculation  done  by  Wadera  et.  al.  [14]  shows  high  cross 
section  for  dissociative  attachment  by  highly  vibrationally  excited  mulecules  as 
can  be  seen  in  table  2-2  and  in  FIG.  2-2. 


Figure  2-2:  Dissociative  attachment  cross  section  for  various  rotational 
levels  of  the  ground  vibrationei  state  of  Hj  (after  Wadera  [14]  ). 


u 


E(eV) 

CTDAicm?) 

3.75 

2.8  X  10-21 

3.23 

8.3  X  10-2° 

2.75 

1.0  X  10-1® 

2.29 

7.5  X  10-1® 

1.86 

3.8  X  10-1^ 

1.46 

1.2  X  10-1® 

1.08 

2.9  X  10-1® 

0.74 

4.3  X  10-^® 

0.42 

3.2  X  10-1® 

0.14 

4.3  X  10-1® 

Table  2—2.  Attachment  cross  sections  near  threshold  for  several  vibrational 
levels  of  hydrogen  (after  Vadera  [14]  ). 


2.2.2  Negative  ions  destruction 


For  each  of  the  processes  of  negative  ion  formation  there  is  a  corresponding 
inverse  reaction  which  involves  destruction  of  the  negative  ions.  We  mentioned 
in  chapter  2.2.1  only  the  reactions  which  have  a  high  cross  section  for  producing 
negative  hydrogen  or  carbon  ions.  We  shall  do  the  szune  in  this  chapter  and 
outline  only  the  the  most  probable  ways  by  which  these  ions  are  destroyed. 

The  first  reaction  is  called  photodeiachment: 

A~-\-hu  — *•  A  +  e  (2.11) 

The  cross  section  for  this  reaction  was  measured  in  hydrogen  by  Smith  and 
Burch  [15)  and  is  aroiind  10“*^  cm*  in  the  infrared,  visible  and  UV  range  of 
photon  energy  (FIG  2-3). 


Figure  2-3:  Photodetachment  cross  section  of  the  hydrogen  ion  (after 
Smirnov  [16]  ). 

When  we  apply  a  high  voltage  pulse  to  a  magnetically  insulated  diode, 
electron  leakage  currents  hit  the  electrode  and  chamber  surfaces  emitting  x- 
ray  and  ultraviolet  radiation.  Photodetachment  can  play  an  importsint  role  in 
destruction  of  negative  ions,  and  we  shall  come  back  to  this  problem  later  in 
chapter  9.  The  same  photodetachment  process  is  used  to  produce  high  intensity 
neutral  particle  beams.  Neutralizing  cells  based  on  photodetachment  sue  very 


simple  to  iise  and  can  neutralize  a  negative  ion  beam  without  changing  its 
divergence  [3].  Since  pulsed  sources  compress  the  negative  ion  beams  to  bursts 
with  relatively  high  particle  density  (10^^/cm^),  the  mean  free  path  of  a  photon 
in  the  beam  is  about  10^  m.  If  the  beam  is  1  m  wide  and  a  10  pass  system  through 
aim  deep  source  region  is  assumed,  a  photodetachment  neutralization  efficiency 
of  at  least  90%  might  be  achieved  with  a  pulsed  light  source  which  provides  10- 
20  J  over  100  nsec  beam  duration.  The  use  of  photodetachment  wo\ild  eliminate 
the  need  for  elaborate  pumping  systems  involved  with  gas  stripping  cells. 

Photodetachment  from  negative  carbon  ions  has  a  much  lower  cross  section 
since  this  ion  is  much  more  stable  (see  2.1.1).  Fig.  2-4  describes  cross  section 
measvirements  for  this  ion. 


PkOlMI  C)MT|7  (cV) 

Figure  2-4:  Photodetachment  cross  section  of  C~  (after  Massey  [17]  ). 

Another  type  of  reaction  which  leads  to  destruction  of  negative  ions  is 
destruction  bp  electron  impact: 

e  +  H-  —  2e  +  H  (2.12) 

The  cross  section  for  this  reaction  is  around  10“^®  cm*  for  negative  ions  with 
energies  between  5-9  keV  as  can  be  seen  from  part  a  of  FIG.  2-5.  The  cross 


section  has  the  same  order  of  magnitude  when  the  negative  hydrogen  ions  have 
a  very  low  energy  between  0-30  eV  (FIG.  2-5  part  b). 

Collision  between  a  negative  ion  and  another  atom  or  ion  can  lead  to 
detachment  of  the  extra  electron.  The  reaction  in  which  a  negative  ion  collides 
with  a  positive  ion  is  called  associative  detachment, 

Ht+e  (2.13) 

The  cross  section  for  this  reaction  is  shown  in  FIG.  2-6.  The  cross  section  is 
around  10~*^  cm^  for  hydrogen  ions  with  energies  around  1-5  eV,  and  goes  up 
to  10~*^  cm^  for  ion  energies  aro\md  10“*  eV. 

This  picture  would  not  be  complete  without  mentioning  two  other  reactions. 
The  first  reaction  does  not  lead  to  destruction  of  a  negative  ion  and  is  called 
charge  exchange: 

.  H  +  H-  (2.14) 

The  cross  secti'^n  is  aroimd  10~^*  cm^  and  is  shown  in  FIG  2-7.  The  other 
important  r»»action  is  called  double  electron  detachment 

H-+H  H  +  H-^+2e  (2.15) 

This  reaction  was  used  in  our  experiment  in  order  to  distinguish  between 
negative  ions  and  electrons.  When  a  beam  of  negative  ions  is  passed  through  a 
thin  foil  of  mylar  (about  2/i  thick  for  I  MeV  ions)  most  of  them  are  converted 
into  positive  ions  as  seen  in  equation  (2.15).  This  processes  is  sometimes  called 
stripping.  A  similar  beam  of  electrons  would  suffer  no  change  in  charge  sign. 
The  cross  section  for  this  reaction  is  aroimd  10“^®  cm^  euid  is  shown  in  FIG  2-8. 


-TT 


Impact  encr^(eV) 

Figure  2-5  a:  Cross  section  for  detachment  of  electron  from  H“  by  electron 
impact,  at  low  impact  energies  (after  Massey  [18]  ). 
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Figtire  2-5  b:  cross  section  for  detachment  of  electron  from  H“  by  electron 
impact,  at  high  impact  energies  (after  Peart  [19]  ). 
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Figure  2-6:  Cross  section  for  associative  ionization  of  hydrogen  (after 
Poulaert  [20]  ). 
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Figure  2-7:  Cross  section  for  charge  transfer  processes  in  hydrogen  (after 
Meissey  [21]  ). 
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Figtire  2-8:  Double  electron  loss  cross  section  in  hydrogen  negative  ion 
(after  Williams  [22]  ). 

2.2.3  Gas  discharge  negative  ion  sources 

Much  effort  has  been  put  lately  in  research  aimed  to  develop  new  gas 
discharge  negative  ion  sources.  The  results  gained  from  this  research  can  help  us 
understand  better  the  negative  ion  production  phenomena  which  takes  place  in  a 
high  voltage  magnetically  insulated  diode.  The  ion  sotirces  are  usually  grouped 
into  surface  production  ion  sources  and  volume  production  ion  sources.  The 
surface  production  source  contains  usually  a  hydrogen  glow  discharge  plasma 
generator.  Ions  and  neutrals  from  the  plasma  impinge  upon  a  low  work  function 
surface.  The  return  particle  flux  contains  negative  ions.  It  was  fotmd  that  by 
using  a  low  work-function  surface  (tisually  the  surface  is  made  of  a  transition 
metal  covered  with  Cs  layer)  caused  the  negative  ion  current  to  increase  by 
two  orders  of  magnitude  compared  to  a  bare  metal  surface  [23,24].  Currents 
densities  of  2mA/cm^  with  a  total  current  of  about  lA  have  been  produced 
with  this  type  of  source  [25].  Usually  cesixun  is  added  to  the  hydrogen  taking 
part  in  the  glow  discharge,  and  gets  adsorbed  on  the  transition  metal  surface. 
The  stirface  itself  is  heated  to  lower  its  work-function.  As  we  shall  see  later  we 
have  tried  to  follow  some  of  these  ideas  in  our  experiment.  We  added  to  the 


plasma  producing  dielectric  materizd  in  our  experiment  some  alkali  metal  salts 
in  order  to  lower  the  work  function  smd  get  more  negative  ions. 

Volume  discharge  negative  ion  sources  usuedly  use  a  Penning  low  pressure 
glow  discharge  as  a  plasma  sovirce.  A  whole  variety  if  ion  source  geometries 
was  used  for  volume  negative  ion  production.  One  of  the  most  successful  is  the 
tamdem  ion  source  [26].  The  source  is  divided  into  two  parts  between  which 
there  is  a  magnetic  filter  (see  figure  2-9). 
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Figure  2-9  :  Tandem  discharge  negative  ion  source  (after  Hiskes  [26]  ). 

Vibrationally  excited  molecules  are  generated  in  chamber  1  and  dissociative 
attachment  to  these  molecules  to  form  negative  ions  occurs  in  chamber  2. 
The  magnetic  filter  supports  a  relatively  large  concentration  of  fast  electrons, 
E  >  25eV  in  chamber  1  ,  while  maintaining  a  low  temperatiire,  kT  w  leV 
thermal  electron  bath  in  the  second  chamber.  Cmrents  of  35  mA/cm^  have 
been  produced  with  this  source  [11]. 

Gas  discharge  ion  sources  are  clearly  limited  to  a  total  current  of  a  few 
aunperes.  They  also  have  a  high  gas  loading  due  to  the  nature  of  the  source.  This 
problem  limits  the  aperture  of  the  beam,  requires  differential  pumping,  limits 


the  beam  current  and  requires  a  multistage  accelerating  system.  Magnetically 
insulated  diodes  used  as  a  negative  ion  source  Eire  much  simpler  and  produce 
much  higher  current  densities.  We  shall  now  review  the  work  done  on  this 
sources. 

2.3  Work  done  on  magnetically  insulated  diode 
negative— ion  beam  sources. 

2.3.1  Work  done  at  the  Lebedev  institute  in  Moscow. 

A  series  of  experiments  was  conducted  during  the  last  10  years  at  the 
Lebedev  institute  at  Moscow  on  the  production  of  negative  ion  beams  in 
magnetically  insulated  diodes  [27,28,29].  The  only  diode  geometry  used  was 
the  cylindricaJly  symmetric  coaxial  diode  (see  figure  2-10  a),  the  experiments 
were  performed  on  the  ERG  accelerator  (voltage  600-1000  kV,  current  30—40  kA, 
pulse  duration  100-200  nsec).  The  dielectric  materiaJs  used  as  a  cathode  coating 
plasma  production  materials  were  polyethelene,  teflon,  and  polymethylacrylate. 
A  magnetic  field  of  7-19  kGauss  was  used  for  electron  insulation.  Slots  or 
round  holes  were  cut  in  the  anode  to  pass  the  negative  ion  current.  Ion  current 
was  measured  by  graphite  activation  ^2C{p,^Y^N{0^y^C  having  a  threshold 
of  457  keV  and  a  half  life  time  of  9.96  minutes.  The  graphite  consisted  of  a 
few  bars  surrounding  the  anode.  In  a  modified  geometry  the  ion  c\irrent  was 
measured  by  electrical  means  (see  figxire  2-10  b).  A  metal  plate  collected  the 
ion  current  which  was  passed  then  through  a  shunt  resistor  and  recorded  on 
a  scope.  As  mentioned  by  the  authors,  the  current  was  obstructed  by  leakage 
electron  current  from  the  cathode.  This  problem  did  not  appear  when  a  metallic 
cathode  was  used.  The  same  leakage  current  caused  intense  brehmsstrEdilimg 
which  obstructed  the  7  rays  from  the  activation  measurements. 

One  of  the  main  results  mentioned  was  that  it  is  essential  for  the  high  voltage 
generator  to  have  a  prepulse  in  order  to  be  able  to  measure  any  negative  ions. 
This  prepulse  is  caused  by  the  capacitive  coupling  through  the  output  switch 
of  the  high  voltage  machine.  Th^.  orepulse  in  this  experiment  had  a  duration 


a:  Coaxial  diode  and  graphite  activation  system. 


b:  Electrical  ion  cxirrent  meastiring  system. 


c:  Shape  of  the  high  voltage  pulse. 

Figure  2-10:  Experiment  construction  at  the  Lebedev  institute  (see 
Kolomenski  [28]  ). 


of  1  fjisec  and  consisted  of  a  positive  and  a  negative  halfwaves.  Many  more 
negative  ions  were  formed  in  the  presence  of  the  negative  part  of  the  prepulse. 
The  minim\im  width  of  the  prepulse  which  generated  negative  ions  was  100  nsec. 
Elongation  of  the  prepulse  to  400  nsec  did  not  enhance  the  negative  ion  current. 
The  negative  ion  currents  reported  reached  200  A/cm^  with  a  total  current  of 
5k A.  Presence  of  H“  ions  was  recorded  by  track  formation  on  aluminized  mylar 
foil. 

In  an  effort  to  simulate  the  effect  of  the  prepulse,  a  laser  with  energy 
of  5J  and  a  pulse  duration  of  20  nsec  was  used.  The  laser  irradiated  the 
polyethelene  coated  cathode  at  a  given  time  before  the  high  voltage  was  applied 
to  the  diode.  Maximtim  negative  ions  were  produced  for  a  time  interval  of 
150-200  nsec  between  the  laser  and  the  high  voltage  pulse.  Activation  of  the 
graphite  target  corresponded  in  this  experiment  to  10^®  particles.  The  reported 
current  of  200  A/cm^  is  much  higher  than  the  Child-Langmuir  limit  which  is 
estimated  by  the  authors  to  be  axotmd  20-30  A/cm^  for  the  full  diode  gap.  The 
explanation  mentioned  is  that  the  effective  gap  could  be  much  smaller  due  to 
plasma  expansion  into  it. 

2.3.2  Work  at  Sandia  national  laboratory  on  transmission  lines 

Magnetically  insulated  transmission  lines  are  used  to  transfer  energy  from 
a  high  voltage  generator  to  a  diode.  These  diodes  are  usually  used  for  ion  beam 
production  for  inertial  confinement  fusion.  The  insulating  magnetic  field  in  the 
lines  is  created  by  the  line  current.  Negative  ions  produced  in  the  cathode  plasma 
of  the  line  are  not  insulated  by  the  magnetic  field  because  of  their  relatively  large 
mass.  They  cause  a  leakage  current  which  can  effect  the  power  flow  in  the  line. 
The  phenomena  of  negative  ion  production  in  a  MITL  was  investigated  at  Sandia 
Natl.  Labs.  [30, 31, 32, 33, 34].  This  work  gives  us  much  insight  into  the  physiczd 
phenomena  of  negative  ion  production  in  magnetically  insulated  diodes. 

The  first  set  of  measurements  was  aimed  to  measure  the  negative  ion  beam 
intensity  and  its  atomic  mass  composition.  The  line  pulse  had  a  peak  of  about 


2MV  amd  was  100  nsec  long.  It  was  preceeded  by  a  prepulse  of  240  kV  for  15 
nsec.  The  main  pulse  had  a  dV/dt=10^*V/s.  Negative  ion  mass  amd  current 
density  were  measured  with  a  time  of  flight  mass  spectrometer  using  a  magnetic 
deflector  to  sweep  electrons  out  of  the  drift  tube.  Negative  ion  current  varied 
from  shot  to  shot.  Ion  ciirrent  of  a  few  A/cm^  were  measured.  Time  of  flight 
spectra  were  consistent  with  H“,  H^,  and  ions.  A  Thomson  parabola 
mass  spectrometer  was  then  used  to  analyze  the  ion-beam  mass  composition. 
H~  ions  with  a  typical  intensity  of  0.25  A/cm^,  C“  with  1  A/cm^  and 
with  intensity  of  0.75  A/cm^  were  measured.  Typical  parabola  traces  are  shown 
on  figure  2-11  a.  Negative  ion  currents  seemed  to  be  source  limited  and  were 
strongly  dependent  on  cathode  surface  condition. 

Another  set  of  experiments  was  aimed  to  meeisure  the  cathode  plasma 
behavior  in  the  line.  The  plasma  formation  was  studied  using  laser-schlieren 
photography,  time  resolved  visible  light  photography,  and  and  visible  light 
spectroscopy.  This  part  of  the  work  was  done  on  the  THOR  0.5  MV,  2^ 
accelerator  with  a  50  nsec  voltage  pulse.  The  measurements  revealed  the 
existence  of  a  cathode  plasma  sheath  which  extended  about  0.2  cm  from  the 
cathode  surface,  with  a  density  of  10^®-10^*/cm^  and  a  temperature  of  a  few 
electron-volts.  The  plasma  had  a  monotoniczdly  increasing  density  gradient 
from  the  edge  of  the  cathode  plasma  sheath  to  the  cathode  surface,  of  1  x  10^^ 
to  1  X  10^®  cm~*  (see  figure  2-11  b).  Plasma  expansion  velocities  of  1-2  cm/psec 
were  measured,  which  corresponds  to  the  thermeJ  velocity  of  a  2eV  hydrogen 
pleisma.  With  visible  light  spectroscopy  dominant  lines  of  singly  ionized  states 
of  Carbon,  Silicon  and  Oxygen  were  measured. 

2.3.3  Work  done  by  other  groups  on  negative  ion  production. 

The  high  negative  ion  ciirrent  densities  obtained  at  the  Lebedev  institute 
were  followed  by  other  groups  trying  to  reproduce  the  results. 

The  first  group  was  at  Ecole  Polytechnique  in  France.  They  used  a  1.5  MV, 
4312,  20  nsec  PULSRAD  generator  with  a  racetrack  type  diode  [35].  Various 
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A:  Thomson  parabola  negative  ion  tr2kces. 
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B:  Luminosity,  density,  and  inferred  temperature  profiles  of  the  cathode 
plasma. 

Figure  2-11:  Experimental  results  on  negative  ion  production  in  MITL 
(after  Stinnet  (31]  ). 


cailioUe  coating  have  been  tried  including  polyethelene,  epoxy  resin  and  vaselin 
oil.  Ion  beam  diagnostics  was  performed  using  a  Faraday-cup  and  graphyte 
nuclear  activation.  No  high  energy  H~  activation  has  been  detected  with  or 
without  a  prepulse  (no  details  are  given  about  the  prepulse  shape  but  it  is 
mentioned  that  this  prepulse  was  much  shorter  than  the  one  used  at  the  Lebedev 
institute). 

Another  interesting  experiment  was  performed  by  a  group  at  Tomsk  [36]. 
The  diode  had  a  coaxial  shape  with  a  thin  film  installed  in  its  medium  plane 
(see  figure  2-12).  The  inner  cylinder  served  as  an  anode  and  was  pulsed  via  the 
Sfl  SOnsec  500  kV  VERA  accelerator. 
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Figure  2-12;  Diode  construction  at  the  Tomsk  experiment  (after  Bistritsky 

[361  )• 

The  VERA  machine  has  a  prepulse  of  250  nsec  duration  and  60-80  kV 
amplitude.  Ion  current  was  measured  by  the  usuall  carbon  activation  technique. 
In  this  diode,  the  H~  ions  generated  in  the  first  A-C  gap  were  initially 
accelerated  towards  the  anode,  then  stripped  to  in  the  thin  anode  film,  and 
postaccelerated  in  the  second  gap  (see  figure  2-12).  The  total  energy  of  the  ions 
incident  on  the  target  was  almost  twice  the  anode  voltage.  This  experimental 
scheme  was  chosen  to  exclude  the  possibility  of  positive  ions  accelerated  because 
of  voltage  reversal  or  collective  phenomena. 


Ion  currents  reported  were  on  the  (0.25±0.15)A/cm^  level  at  10  GW  power 
levels  and  electron  cathode  current  densities  in  the  (0.5-1)  kA/cm^  rauige.  This 
values  of  negative  ion  currents  correspond  to  (0.5-2)%  level  of  H~  percentage 
in  the  A-C  plasma.  These  negative  ion  current  densities  were  the  same  with  or 
without  the  prepulse. 

2.4  Summary. 

The  large  variety  of  experiments  done  on  negative  ion  sources  reflects  the 
wide  interest  in  this  subject.  Contradictory  results  have  been  obtained  in 
production  of  negative  ion  beams  using  magnetically  insulated  diodes.  This 
thesis  aimed  to  resolve  these  contradictions  as  well  as  to  try  and  understand  the 
negative  ion  production  phenomena  in  these  diodes. 


Chapter  3  GENERAL  EXPERIMENTAL  ARRANGEMENT 


3.1  Introduction. 

In  this  chapter  we  shall  review  the  generail  experimental  techniques  used  by 
us  in  this  resejirch.  We  shall  start  by  giving  a  brief  description  of  the  high  voltage 
APEX  machine,  together  with  the  voltage  and  current  measurement  systems. 
We  shall  then  go  through  the  diode  set  up,  including  vacuum  system  and 
magnetic  insulation.  At  last  we  shall  review  the  diagnostics  systems  used.  These 
include  Faraday  cup  charge  collectors,  CR-39  ion  track  detectors,  Langmuir 
probes,  x-ray  camera  and  brehmsstrahlung  intensity  measurements.  Additional 
specific  techxiiques  will  be  reviewed  shortly  at  the  next  chapters,  whenever  such 
a  technique  is  used. 

3.2  The  APEX  machine. 

The  APEX  machine  consists  of  a  IMV,  50  nsec  Marx  generator,  and  a  7fl 
coaxial  transmission  line.  The  Marx  consists  of  24  stages,  each  containing  a 
0.2/iF  capacitor,  a  pressurized  spark  gap,  and  assorted  charging  resistors.  The 
transmission  line  has  sm  electrical  length  of  25  nsec.  A  self  firing  pressurized  gas 
switch  connects  the  line  to  the  load.  The  M2ux  pressurized  gaps  were  filled  with 
dry  air,  and  the  line  gap  was  filled  with  SFg.  The  dry  air  in  the  gaps  limited 
the  voltage  on  each  stage  to  about  30  kV,  with  an  output  signal  of  about  700 
kV,  and  a  total  energy  of  90  Joule.  More  details  about  Marx  generators  csm  be 
fotmd  in  a  review  article  by  Nation  [38]. 

The  first  two  Marx  gaps  are  triggered  with  a  midplane  trigger  electrodes, 
and  the  remaining  gaps  are  triggered  by  the  rising  voltage  pulse  on  the  Marx  and 
the  electrical  noise  from  the  triggered  gaps.  A  triggered  vacuum  gap  switches 
a  60  kV  trigger  signal  to  the  first  gaps.  The  APEX  machine  has  a  built  in 
triggering  circuit  used  to  trigger  the  vacuum  gap  from  a  pushbutton  or  a  delay 
unit.  In  our  experiment  we  wanted  the  APEX  machine  to  have  a  low  jitter  in 


order  to  be  able  to  match  its  timing  with  a  plasma  creating  prepulsed  plasma 
gun-both  triggered  by  a  delay  unit.  Marx  delay  between  this  triggering  signal 
and  the  high  voltage  at  the  line  output  was  about  1.4/isec  with  a  jitter  of  about 
0.2/isec. 

The  Marx  output  current  was  monitored  using  a  small  pickup  loop  the 
sensitivity  of  which  is  10v/4kA.  The  voltage  was  measured  via  a  ring  shaped 
capacitive  divider  with  a  sensitivity  of  lOv  for  every  550  kV  machine  pulse. 
We  did  not  use  inductive  correction  since  the  diode  inductance  effected  the 
monitored  pulse  only  at  the  first  lOnsec.  Figure  3-1  shows  typiceil  voltage- 
current  traces. 

A  300fl  resistor  was  used  at  the  line  output  to  suppress  the  APEX  prepulse. 
When  the  resistor  was  connected  there  was  a  prepulse  of  about  2%  of  the  main 
pulse,  compared  to  about  10%  when  the  resistor  was  disconnected. 

3.3  Diode  chamber  and  vacuum  system. 

The  diode  chamber  is  a  stainless-steel  cross  shaped  chamber  (see  figure 
3-2)  with  four  openings.  One  of  the  openings  was  connected  to  the  outer  side 
of  the  APEX  line  interface  and  the  three  others  were  closed  with  aluminum 
flanges.  Using  alumin\im  enabled  us  to  use  an  x-ray  camera  ’’through”  the 
flanges  to  record  the  areas  on  the  diode  chamber  where  electrons  are  stopped 
and  brehmsstrahlung  is  emitted.  Faraday  cup  charge  collectors  were  installed 
through  Wilson  seals  in  the  aluminum  flanges.  A  high-current  feedthrough  was 
used  for  transferring  energy  from  a  capacitor  bank  to  the  insulating  magnetic 
field  coils. 

The  chamber  was  evacuated  with  a  vacuum  system  consisting  of  a  6”  1200 
1/s  diffusion  pump  and  a  360  1/m  forepump.  This  vacuum  system  was  able  to 
evacuate  the  diode  chamber  to  a  pressure  of  about  10“®  Torr  which  was  the  usual 
working  pressure.  Pressure  monitoring  was  done  with  a  regulsu*  Bayard- Alpert 
air  calibrated  ionization  gauge. 

The  cathode  was  moxmted  on  a  4”  diameter,  30”  long  hollow  shank.  This 
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a: Voltage  current  traces  for  a  normzd  shot. 


b:voltage  current  traces  for  a  low  diode  impedance. 

Figure  3-1  :Typical  voltage  current  traces  of  a  magnetically  insulated  diode. 


was  done  mainly  in  order  to  have  enough  space  to  put  the  prepulsed  plasma 
gun  in.  This  arrangement  caused  also  a  high  mechanical  load  at  the  vacuum-oil 
interface  where  sealing  had  to  be  improved  by  adding  aji  external  additional 
”0”  ring. 

3.4  Magnetic  insulation. 

3.4.1  General  principles. 

Magnetically  insulated  diodes  used  to  produce  intense  ion  beams  were  first 
proposed  by  Winterberg  [39].  At  field  stresses  of  about  IMV/cm  electrons  are 
emitted  from  whisker  explosions  in  the  cathode  sxirface  (40).  The  cathode  then, 
can  be  considered  to  be  em  unlimited  source  of  electrons.  By  the  Child-Lamgmuir 
space  chau-ge  limited  current  law  [41,42],  only  2%  of  the  current  in  the  diode 
would  be  carried  by  ions  due  to  the  smaller  mass  of  the  electrons.  For  a  planar 
geometry  the  Child-Langmuir  cturrent  density  is  given  by: 

j  =  0.05(Zc/m)^/2pr3/2j-2  ^3 

where  Zt/m  =  charge-to-mass  ratio  of  the  particle,  V  =  gap  potential  and 
d  =  gap  spacing  in  cgs-emu  \inits.  Electron  flow  in  the  diode  is  supressed  by 
applying  a  sufficiently  high  magnetic  field  parallel  to  the  surface  of  the  electrodes. 
The  critical  field  necessary  is  given  by  [2]: 

B*  =  (l/d)(2eF/re)i/2(l  +  eF/2mec2))V2  (3.2) 

where  d  =  gap  spacing,  r*  =  classical  electron  radius,  m*  =  electron  mass  and 
V  =  gap  voltage.  This  expression  is  derived  &om  the  conservation  of  canonical 
momentum  and  energy  for  a  particle  in  the  diode  gap.  The  critical  field  for  a 
gap  of  about  1cm  with  a  voltage  of  IMV  is  about  4-5  kGauss. 

When  a  high  enough  magnetic  field  is  applied  electrons  do  not  cross  the 
gap  but  are  forced  into  a  drift  zdong  the  cathode  in  a.  E  x  B  direction.  This  is 
sometimes  called  Hall  drift  resembling  the  equivalent  famous  solid  state  effect. 


We  always  have  a  small  transverse  electrical  field  component  in  the  diode  gap. 
This  component  causes  the  Hall  drifting  electrons  to  move  along  maerf’tic  field 
lines.  Some  of  the  electrons  reach  the  cathode  and  some  drift  along  magnetic  field 
lines  to  the  vacuum  chamber  walls  or  other  parts  of  the  diode.  The  effectiveness 
of  magnetic  insulation  is  usually  measured  by  the  diode  pervp!»nce,  P  =  I , 
where  I  and  V  are  the  diode  voltage  and  current,  respectively.  By  following  the 
reduction  in  the  perveance  as  a  function  of  applied  magnetic  field,  the  degree  of 
electron  current  supression  is  obtained.  In  some  cases  perveance  reduction  by 
more  than  a  factor  of  300  have  been  obtained. 

Although  electron  current  can  be  dramatically  supressed,  some  lealcage 
current  remains.  It  has  been  observed  that  for  finite  geometries,  two  other 
criteria  must  be  fulfilled  to  maximize  the  insulation.  First,  insulating  magnetic 
field  lines  must  not  connect  electrically  stressed  cathode  surfaces  to  higher 
potential  (anode)  surfaces:  otherwise  electrons  can  flow  cdong  field  lines  to 
these  surfaces.  The  second  criterion  is  that  the  electron  Hadl  current,  driven 
by  the  perpendicular  electric  and  magnetic  fields  in  the  diode,  must  flow  in  a 
closed  path  to  insure  equilibrium  and  increase  diode  eflficiency.  This  efficiency  is 
usually  defined  as  the  ion  current  divided  by  the  total  diode  current.  The  Hall 
current  path  is  determined  by  electrode  shaping  in  a  manner  consistent  both 
with  extraction  requirements  and  with  the  diode  magnetic  field  geometry. 

Due  to  the  slow  rise  time  of  the  magnetic  field  in  our  experiment  (about 
100/isec  in  our  case)  the  magnetic  field  penetrates  into  the  metzil  cathode.  The 
penetration  depth  is  given  by: 

2 

6  =  {—)  (3.3) 

fiuja 

where  6  is  the  skin  depth,  uj  is  the  field  frequency  and  a  is  the  conductivity. 
This  equation  is  in  MKS  units.  For  our  catse  of  magnetic  field  with  am  aluminum 
cathode  the  skin  depth  is  equal  to  about  2  mm  .  This  penetration  deforms  the 
magnetic  field  lines  and  is  an  undesired  effect  in  our  case.  Deformed  field  lines 
cam  connect  the  anode  to  the  cathode.  Electrons  drifting  along  such  a  line  could 


cause  diode  shorts.  Magnetic  field  penetration  cam  cause  a  deflection  of  the 
ion-beam.  If  we  had  a  case  of  a  magnetic  field  which  does  not  penetrate  into 
the  cathode  the  canonical  momentum  of  a  peirticle  moving  in  this  field  would 
be  conserved  with  no  effect  of  the  field  on  the  beam  direction.  But  a  particle 
moving  in  a  field  penetrating  the  cathode  will  be  deflected.  This  deflection  will 
be  larger  for  particles  with  a  small  mass.  It  will  be  much  higher  for  hydrogen 
than  it  is  for  cairbon  ions.  This  is  one  of  the  reasons  w'’.y  ceirbon  ions  malce  a 
much  more  parallel  beam  in  magnetically  insulated  diodes. 

3.4.2  Magnetic  insulation  experimental  setup. 

The  magnetic  insulation  in  the  high  voltage  diode  gap  was  established  by 
discharging  a  high  energy  capacitor  bank  through  a  low  inductance  coil  which 
supplied  the  field.  We  tried  to  build  coils  with  as  low  inductsuice  as  possible  to 
get  small  field  penetration  as  explained  in  3.4.1. 

The  capacitor  bank  consisted  of  two  groups  of  9  capacitor  each  having  a 
capacitance  of  280/iF.  Each  such  group  has  a  capacitance  of  2160^F  (see  figure 
3-3).  One  of  the  capacitor  groups  was  charged  to  +3kV  and  the  other  to  -3kV. 
An  ignitron  switch  (triggered  from  a  pushbutton  and  a  standard  krytron  circuit) 
connected  the  two  capacitor  groups  to  supply  a  6kV  pulse  to  the  coil.  The  peak 
current  was  a  function  of  the  coil  inductance.  Figure  3-4  shows  the  currents  for 
a  coaxial,  racetrack  and  zumular  diode  coil  cases.  The  point  in  time  at  which 
the  APEX  was  fired  is  eilso  shown.  It  corresponds  usueiUy  to  the  point  where 
the  magnetic  field  reaches  its  peak.  Magnetic  field  intensity  was  measured  at 
each  diode  configuration  using  a  Hall  effect  probe  eind  also  with  a  small  search 
coil.  Details  of  the  coil  shapes  used,  together  with  field  intensity  measurements 
results  will  be  given  in  chapters  5,  6  and  7  when  discussing  the  different  diodes 
used. 


3.5  Ion-beam  diagnostic  techniques. 

3.5.1  Faraday  cup  charge  collectors. 


Figure  3-3:  Magnetic  field  electrical  ci 


b:  Racetrack  diode  coil  current. 


c:  Annuleu"  diode  coil  current. 

Figure  3-4:  Magnetic  coil  current  and  field  shape. 


The  Feiraday  cup  charge  collector  is  a  stEindaxd  device  for  measuring  electron 
£ind  ion  betun  currents  [43,44].  This  simple  instrument  does  have  limitations 
that  must  be  considered  in  its  use  ajid  in  the  interpretation  of  the  data.  A  typical 
Faraday  cup  used  is  seen  in  figure  3-5.  It  consists  of  a  2”  diameter  Copper  tubing 
with  a  charge  collector  inside.  The  tubing  has  a  0.5”  dizuneter  aperture  at  its 
end.  The  chau-ge  collector  has  a  cup  shape  to  reduce  the  problem  of  secondary 
electrons  emitted  from  it.  Small  Samaurium-CobaJt  magnets  provide  a  field  of 
about  1.6  kGauss. 

In  this  experiment  the  negative  ion  beam  current  was  measured.  Electrons 
which  diffuse  along  the  magnetic  insulation  field  lines  have  an  energy  of  about 
O.TmeV.  These  electrons  are  sometimes  backscattered  towards  the  Faraday  cup. 
The  main  problem  is  to  get  rid  of  these  extra  electrons.  One  of  the  possible 
solutions  is  to  put  an  insulating  magnetic  field  along  the  distance  d  between  the 
cup  aperture  and  charge  collector  (see  figure  3-5).  Ions  are  less  affected  by  this 
field.  But  by  getting  rid  of  the  electrons,  the  low  energy  ions  are  also  lost  (see 
figure  3-6).  Since  electrons  have  the  same  charge  sign,  we  usually  checked  that 
what  we  measure  is  ions  by  putting  a  sheet  of  25/i  thick  mylar  in  front  of  the 
Faraday  cup.  This  mylar  stops  any  ion  created  in  the  diode  since  the  maximum 
energy  for  such  ions  is  about  0.7  MeV.  Electrons  penetrate  this  layer  easily.  A 
final  check  vras  done  by  putting  a  thick  mylar  in  front  of  the  Feuraday  cup. 
Ions  with  energies  of  more  than  200  keV  can  penetrate  this  film  (see  figure  3-7) 
losing  two  electrons.  This  is  the  ’’stripping”  process  discussed  in  chapter  2.2.2. 
If  indeed  the  measured  current  did  change  its  sign  when  the  thin  mylzur  was  put 
in  front  of  the  Faraday  cup  we  were  sure  that  we  measure  negative  hydrogen 
ions.  This  procedure  could  not  be  carried  on  for  Cstfbon  ions  since  their  range 
is  in  mylar  is  shorter  than  2^. 

In  some  cases  we  did  measure  electrons  together  with  negative  ions  on  the 
Faraday  cup.  This  was  done  by  placing  the  Fwaday  cup  at  a  distance  of  about 
20  cm  from  the  diode  and  put  a  thin  piece  of  mylar  in  front  of  it.  The  difference 
in  time  of  flight  would  be  such  that  the  electron  and  ion  current  signals  would 
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Ion  tracks  on  faraday  cup  collector. 
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Figure  3-5:  Faraday  cup. 
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a;  Radial  deflection  of  an  ion  entering  the  cup  parallel  to  its  axis. 
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b:  Relative  ion  current  measured  by  the  charge  collector  due  to  magnetic 
deflection  inside  the  Faraday  cup. 

Figure  3-6:  Effect  of  Faraday  cup  magnetic  field  on  ion  current  measur- 


ments. 
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not  interfere  with  each  other  (see  figure  3-8).  In  a  few  cases  we  did  bias  the  cup 
^  with  a  small  voltage.  Usually  the  Faraday  cup  is  biased  when  measuring  a  beam 

of  positive  ions.  These  ions  drag  electrons  with  them.  The  cup  is  then  biased 
negatively  to  repel  the  electrons.  The  electrons  have  about  the  same  velocity  as 
the  ions  ,  and  since  their  mass  is  much  smaller  their  energy  is  also  small  cind  the 
\  bias  voltage  needed  is  at  most  a  few  hundred  volts.  In  our  case  the  electrons 

hitting  the  cup  have  a  very  high  energy  and  could  not  be  repelled  by  a  bias 
voltage.  Nevertheless  we  did  use  bias  in  cases  when  the  geometry  was  such  that 
no  electrons  hit  the  Faraday  cup  (amd  this  was  the  case  with  the  annulair  diode 
^  as  shzdl  be  explaiined  in  chapter  7).  There  was  then  no  need  for  magnets  aroimd 

the  Faraday  cup.  The  bias  voltage  was  used  in  this  caae  only  to  maJce  sure  that 
no  secondary  electrons  leave  the  cup  collector  in  absence  of  a  magnetic  field.  In 
^  any  case  we  always  checked  the  current  with  the  thick  and  thin  pieces  of  mylar 

as  described  above. 

3.5.2  CR-39  track  detectors. 

>  CR-39  as  a  particle  track  detector  was  first  used  in  1978  [46].  CR-39  is 

a  clear  plastic  material  the  chemical  name  of  which  is  ethyl  diglycol  carbonate. 
Particles  which  hit  it  cause  a  local  damage  track.  When  the  materied  is  put  in 
an  etching  solution  there  is  a  difference  in  the  bulk  etching  rate  amd  the  track 
area  etching  rate.  This  difference  leaves  a  "picture”  of  the  areas  were  particles 
caused  damage.  We  usually  used  a  6  mole  solution  of  NaOH  heated  to  80“ 
Celsius  as  an  etching  solution.  The  etching  time  was  about  1  hour.  In  figure 
^  3-9  a  one  can  see  the  etching  rate  for  a  proton  track  compeired  to  the  bulk 

etching  rate  for  different  energies.  As  cam  be  seen  the  CR-39  ’’sensitivity”  (the 
ratio  of  track  to  bulk  etching  rates)  is  highest  for  low  energy  particles.  The 
range  of  these  particles  in  the  CR-39  is  obviously  small,  and  leaving  the  CR- 
i  39  in  the  etching  solution  for  a  while  will  cause  tracks  of  low-energy  particles 

to  disappear.  In  our  case  we  were  able  to  see  proton  tracks  with  energies  as 
low  as  70  keV  for  etching  times  of  1  hour.  Another  interesting  feature  is  that 
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Figure  3-8:  Time  of  flight  along  20  cm  for  different  negative  ions. 
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a;  CR-39  sensitivity  (after  Cartwright  [46]) 


b:  A  typical  CR-39  picture  showing  H“  and  C~  tracks 
Figure  3  9:  CR-39  sensitivity  and  track  pattern. 


different  ions  have  different  track  sizes.  Carbon,  for  instance  has  a  lower  rainge 
in  the  CR-39,  but  the  damage  it  causes  is  larger  (see  figure  3-9  b).  Carbon 
tracks  usually  have  about  twice  the  damage  track  size  of  hydrogen  with  the 
same  energy.  Combinations  of  CR-39  with  different  thickness  mylzu:  films  on  it 
were  used  to  scaui  different  particle  energy  rzuiges  (see  figure  3-7).  A  nice  review 
article  about  CR-39  properties  and  uses  was  written  by  Somogyi  [47].  The  CR- 
39  was  purchased  from  American  acrylic  co.  in  Strattford  Connecticut.  Two 
types  of  this  material  were  used  by  us.  We  used  a  0.025”  thick  CR-39  which  is 
defined  by  this  company  as  ’’highest  quality  proton  detection”  materied.  We  also 
used  a  0.040” ’’regular  quality”.  The  0.025”  CR-39  had  a  shelf  life  of  about  one 
year,  after  which  it  showed  an  inhomogeneous  etching  behaviour.  Some  areas 
were  etched  quicker  than  the  others,  which  distorted  the  ion  track  picture.  We 
did  not  have  any  problems  with  the  0.040”  CR-39. 

3.6  x-ray  measurements. 

3.6.1  x-ray  camera. 

Most  of  the  diode  current  consists  of  electrons  which  drift  along  magnetic 
field  lines  and  hit  the  chamber  walls.  These  high  energy  electrons  emit  x-rays 
when  they  are  stopped  or  slowed  at  the  walls.  In  order  to  see  the  exact  points 
where  the  electrons  hit  the  chamber  we  used  an  x-ray  camera.  The  camera 
was  made  of  a  lead  box  with  a  4  mm  hole  in  it.  A  CaW04  scintillator  (we 
used  a  regular  medical  x-ray  intensifier)  was  put  12  cm  &om  the  hole  with  a 
film  attached  to  it.  X-ray  pictures  were  taken  each  shot  (see  figure  3-10).  We 
were  able  to  see  by  this  method  if  the  electron  flow  is  symmetric.  A  symmetric 
electron  flow  means  that  the  diode  electrodes  and  magnetic  field  coils  are  aligned 
correctly.  We  were  sJso  able  to  see  if  a  high  current  is  caused  by  a  short  outside 
the  diode  gap  (for  instance  at  the  shank  or  the  line  interface).  By  changing  the 
camera  distance  &om  the  diode  we  were  able  to  figure  out  where  the  electrons 
hit  the  chsunber.  This  information  could  be  used  to  vmderstanding  the  electron 
flow  in  the  diode. 


c:  Annular  diode. 


Figure  3-10:  X-ray  pictures  of  normal  shots  (left)  and  shorts  (right)  with 
different  diode  configurations. 


3.6.2  Brehmsstrahlung  measurements. 

The  time  dependence  of  the  x-ray  emission  from  the  chamber  walls  was 
measured  with  a  FW114  vacuum  photodiode  made  by  ITT.  The  diode  had  em 
NEl-102  pleistic  scintillator  connected  to  it.  Typical  x-ray  pulse  shape  are  shown 
in  figure  3-11  together  with  the  diode  circuit. 


a:  Diode  circuit. 
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b;  A  typical  x-ray  emission  trace  (below)  together  with  a  diode  current 
trace  (above). 


Figure  3-11:  X-ray  diode  circuit  amd  typical  pulse  shape. 


Chapter  4  PLASMA  PRODUCTION 


4.1  Introduction 

Plasma  is  usuadly  produced  in  high  voltage  diodes  using  what  is  called  a 
passive  flashboard.  This  is  done  by  putting  a  thin  layer  of  dielectric  material  on 
one  of  the  electrodes.  If  a  beam  of  negative  particles  is  desired  the  dielectric 
material  is  put  on  the  cathode  surface  to  produce  a  cathode  plasma.  All  previous 
work  on  negative  ion  production  was  done  using  this  plasma  production  method 
(see  chapter  2).  We  have  tried  many  kinds  of  passive  cathodes  in  our  experiment. 
However,  the  work  done  at  the  Lebedev  institute  (see  chapter  2.3.1)  and  some 
results  we  got  in  zm  early  stage  of  the  experiment  pointed  at  the  fact  that  the 
APEX  prepulse  voltage  had  a  dominant  effect  on  the  production  of  negative 
ions.  Since  the  APEX  prepulse  could  not  be  controlled  we  decided  to  build  an 
independent  prepulsed  plasma  gun.  The  idea  was  to  inject  a  plasma  into  the 
high  voltage  diode  gap  at  a  given  time  before  applying  the  main  high  voltage 
pulse.  This  should  simulate  the  effects  of  the  APEX  prepulse.  We  wanted  to  be 
able  to  control  the  plasma  temperature,  density  and  production  time.  A  special 
plasma  gun  was  b\iilt  for  these  ptirposes.  It  consists,  of  a  driving  circuit  powered 
by  batteries,  and  a  plasma  creating  flashboard.  Plasma  is  created  on  120  arcing 
points  across  the  flashbosu'd  surface. 

The  physical  processes  involved  in  plasma  production  in  the  czise  of  the 
passive  flashboard  and  in  the  case  of  the  active  plztsma  gun  axe  discussed  in 
chapter  4.2.  The  next  chapters  deal  with  plasma  gxm  details.  The  plasma  gun 
driving  circuit  is  embedded  in  the  cathode  shank  and  hzis  to  be  able  to  float  on 
the  APEX  high  voltage.  The  driving  circuit  is  discussed  in  chapter  4.3.  The 
flashboard  was  designed  to  produce  a  homogeneous  plasma  over  a  large  cathode 
area.  It  is  described  in  chapter  4.4.  Since  high  voltage  switching  circuits  have 
always  some  jitter,  the  real  time  lag  between  firing  the  plasma  gun  and  the 
APEX  high  voltage  pulse  was  measured  via  a  light  detecting  fiber  optics  and 


photomviltiplier  system  the  details  of  which  axe  given  in  chapter  4.5.  The  last 
chapter  deals  with  plasma  measurements.  Pleisma  density  and  temperature  were 
measured  with  a  Langmuir  probe.  The  results  axe  discussed  in  chapter  4.6. 

4.2  Physical  processes  of  plasma  production 

Plaisma  source  requirements  for  intense  beam  injectors  are  quite  severe.  The 
plasma  must  be  localized  to  a  thickness  smaller  than  the  gap  width  and  may 
have  to  supply  ion  fluxes  of  the  order  tens  and  hundreds  of  A/cm^  over  an  axea 
of  hundreds  of  squaxe  centimeters.  The  most  commonly  used  plasma  source  is 
the  passive  dashboard.  This  plasma  source  is  just  a  sheet  of  insulator  (usuzdly 
with  holes  or  metal  metal  pins  in  it),  attached  to  the  cathode  surface.  Plasma  is 
produced  by  formation  of  vacuum  ballasted  bre2dcdowns  on  the  insulator  svirface 
(see  flgure  4-1).  The  exact  process  by  which  plasma  is  formed  when  such  an 
insulator  is  put  on  one  of  the  electrodes  is  not  clear.  Insulating  surfaces  in 
vacuum  exposed  to  tangentia'  electric  fields  of  the  order  of  100-200  Kv/cm 
will  go  an  avalanche  breakdown  that  produces  a  dense  plasma.  The  breaJcdown 
appears  to  be  initiated  at  the  triple  point  where  insulator,  conductor  and  vacuum 
meet.  The  strong  fields  adong  the  instilator  surface  are  produced  by  direct 
charging  of  the  insulator  from  electron  flow  in  the  gap,  and  by  the  existence  of  a 
fringing  field  due  to  the  holes  and  pins  in  the  insulator.  The  surface  breakdown 
mechamism  aiFects  only  a  thin  surface  layer,  so  plasma  cam  be  produced  with 
smadl  energy  investment.  Flashboairds  axe  used  in  admost  all  present  intense  ion 
beaun  experiments.  If  the  insulator  contadns  hydrocau’bon  molecules  (as  is  the 
case  in  polyethelene),  a  mixed  plasma  is  produced  containing  both  hydrogen  and 
carbon  ions.  The  hydrogen  usuadly  diffuses  to  the  plawma  surface  rapidly.  In 
positive  ion  experiments  beams  of  80%  protons  au'e  typically  obtained  [48].  As 
was  mentioned  in  chapter  1,  cau'bon  makes  very  stable  negative  ions.  By  using 
a  hydrocarbon  insulator  we  shall  usuadly  get  a  plasma  which  contadns  both  H~ 
amd  C“  ions. 

The  physicad  processes  involved  in  plasma  formation  in  the  case  of  a  paissive 


dielectric  fleishboaxd  zu’e  quite  involved.  The  plasma  starts  to  build  up  at  electric 
fields  of  about  100-200kV/cm.  This  fields  axe  not  high  enough  to  free  electrons 
from  the  potential  barrier  that  binds  them  in  the  cathode  material.  However,  at 
the  surface  of  the  cathode,  the  local  electric  field  can  be  enhanced  by  factors  of 
more  than  100  over  the  value  of  the  macroscopic  electric  field.  This  is  because 
the  actual  cathode  surface  contains  many  microprotrusions  or  whiskers.  These 
whiskers  have  typical  heights  and  diameters  of  100  and  lO/xm  respectively  [49]. 
.4nother  reason  for  field  enhancement  aire  dielectric  materials  or  microparticles 
present  on  the  cathode  surface  [50].  These  dielectric  materials  have  usuzdly  a 
high  dielectric  constant.  This  fact  enhances  the  local  fields  at  the  triple  point, 
which  starts  the  field  emission  process. 

For  several  nanoseconds  the  electron  current  buildup  is  determined  by  the 
field  emission  process.  As  the  emitted  electron  density  increases  the  whiskers 
through  which  the  current  flow  become  hot  because  of  Joule  heating.  When 
the  locad  current  density  reaches  a  value  of  10^-10®  A/cm^,  the  heated  whiskers 
explode  and  form  a  local  burst  of  vaporized  material  [51].  This  phenomena 
was  termed  explosive  emission.  A  similar  phenomena  occurs  when  we  use  a 
metal  cathode.  Plasma  is  created  close  to  small  dielectric  microparticles  on  the 
cathode  surface. 

The  material  in  the  vapor  bursts  is  quickly  ionized,  resulting  in  the 
formation  of  local  plasma  flares  in  the  neighbourhood  of  the  exploded  whiskers. 
These  individual  flares  quickly  expaiid  and  merge  into  a  plasma  cloud  that 
spreads  over  the  entire  cathode  surface.  If  a  strong  magnetic  field  is  present 
the  plasma  remains  confined  over  localized  points  on  the  cathode  surface. 

The  capacitively  coupled  surface  breakdown  source  is  simple  and  useful  but 
has  a  few  disadvsmtages.  There  is  eilmost  no  control  over  pleisma  density  and 
temperature.  Since  the  flashboaxd  must  be  located  in  the  accelerating  gap  it  is 
subject  to  damage  which  limits  the  repetition  rate  emd  cleanliness  of  the  system. 
It  is  advantageous  to  use  a  separate  pli^ma  gtm.  There  is  much  more  control 
over  plasma  temperature,  density  and  creation  time.  A  separate  plasma  gun 


can  also  produce  a  much  more  uniform  plasma. 

The  plasma  gun  we  used  created  arcs  across  120  points  on  the  cathode 
surface.  Each  arc  was  produced  along  a  thin  layer  of  TiH2  powder  (see  figure 
4-2).  The  high  current  density  of  the  arc  caused  some  of  the  TiH2  to  evaporate 
2ind  ionize  [52].  The  physiczd  processes  are  very  similar  to  the  whisker  explosion 
case.  The  main  difference  is  that  the  current  through  each  plasma  gun  arcing 
point  can  be  controlled.  We  chose  TiH2  since  it  contains  much  hydrogen,  and 
since  Ti  does  not  produce  negative  ions.  We  shall  discuss  plasma  formation  and 
negative  ion  production  in  more  details  in  chapter  8. 

4.3  Plasma  gun  driving  circuit 

The  plasma  gun  general  setup  is  shown  in  figure  4-3.  The  gtm  was  triggered 
by  an  outside  light  signal  supplied  by  a  fiashtube.  The  flashtube  was  driven  by 
a  standard  krytron  circuit  switching  a  capacitor  through  the  flashtube.  The 
krytron  was  triggered  directly  from  a  400V  signal  from  the  delay  unit  Dl.  This 
delay  unit  was  triggered  by  the  insulating  magnetic  field  trigger  pulse.  Another 
delay  unit  {D2)  triggered  the  main  high  voltage  pulse,  by  supplying  a  400V 
trigger  signal  to  the  APEX  vacuum  gap. 

The  plasma  gvm  circxiit  consists  of  a  high  voltage  part  triggered  by  a  low 
voltage  circuit  (see  figure  4-4).  The  high  voltage  pMt  of  the  circuit  supplies 
the  energy  to  the  flashboard  through  ein  output  trtinsformer.  The  transformer 
was  introduced  to  get  higher  output  voltages  if  necessary,  and  to  insulate  the 
driving  circTiit  from  high  voltage  noise  caused  by  the  maun  pulse  in  the  flashboard 
area.  The  energy  discharged  is  first  stored  in  a  high  voltage  capacitor  (Cl).  Six 
rechairgeable  NiCd  batteries  supply  energy  to  a  DC  to  DC  convertor,  the  output 
of  which  is  connected  to  the  capacitor  Cl  through  a  AMD  resistor.  A  magnetic 
on/off  switch  starts  the  charging  procedure.  The  switch  is  in  a  normally  closed 
position  when  it  senses  a  magnetic  field.  A  rod  with  a  small  saunaxium-cobalt 
magnet  on  its  edge  was  installed  in  the  diode  chamber  to  activate  the  switch. 
The  rod  could  be  moved  through  a  Wilson  seal  to  touch  the  diode  shank  and 


Figure  4-2:  Plasma  creation  with  an  arc  plasma 


deactivate  the  inside  circuit.  The  batteries  were  connected  in  series  to  supply  8 
volts  to  the  convertor.  The  convertor’s  output  voltage  was  about  2.7  kV  under 
these  conditions. 

Two  high  voltage  switches  were  used.  The  capacitor  is  discharged  through 
a  CP  CLARE  TG-1457  triggered  spark  gap.  The  spark  gap  is  triggered  by  a 
3m  RG-174  line  chuged  to  2.7  kV  and  discheu-ged  through  an  EG&G  KN-6 
krytron.  The  krytron  is  triggered  by  a  low  voltage  triggering  circuit  through  a 
1:30  transformer.  This  transformer  insulates  the  low  voltage  part  of  the  circuit 
from  the  high  voltage  part,  protecting  the  low  voltage  components. 

The  low  voltage  circuit  is  triggered  by  a  flashtube  external  light  source. 
The  flashtube  supplies  a  high  intensity  light  pulse  to  a  photodiode  in  the  low 
voltage  triggering  circuit  through  a  clear  window  in  the  diode  vacuum  chamber 
(see  flgure  4-3).  The  photodiode  triggers  an  SCR  through  a  fleld  emission 
transistor.  A  small  capsLcitor  (C2)  chau'ged  by  a  9V  battery  discharges  through 
the  SCR  into  the  primary  of  the  1:30  transformer. 

The  circuit  was  mainly  operated  in  a  high  output  current  mode  or  in  a 
low  output  current  mode.  In  the  low  output  current  mode  we  used  a  0.25/iF 
capacitor  discharged  into  a  1:2  output  transformer.  The  total  output  ctirrent 
was  500 A.  The  cxurent  pulse  shape  is  shown  in  figure  4-5  a.  The  flashboard  has 
120  arcing  points  on  its  s\irfsu:e,  so  the  average  current  in  each  arc  was  about 
3A. 

In  the  high  output  cxirrent  mode  the  circmt  was  operated  with  a  2/xF 
capacitor  charged  to  2.7  kV  md  discharged  to  the  flashboard  through  a  low 
inductance  1:1  transformer.  The  transformer  consisted  of  3  turns  of  RG-174 
cable,  the  inner  core  of  which  was  used  as  a  primary,  and  the  outer  as  a  secondary. 
Th^-  output  current  reaches  a  value  of  3.2  kA,  with  an  average  current  of  about 
270  A  per  arcing  point  (see  figure  4-5  b). 

4.4  The  plasma  creating  flashboard 

The  flashboard  is  the  part  of  the  system  which  converts  the  power  supplied 


Figure  4-3;  Prepulsed  plasma  gun  general  layout. 
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Figure  4-4:  Prepulsed  plasma  gun  driving  circuit. 
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a;  Output  current  with  a  0.25/iF  capacitor  and  a  1:2  output  transformer. 


b:  Output  current  with  a  2.0^F  capacitor  and  a  1;1  low  inductance 
transformer. 


Figure  4-5:  Plasma  gun  driving  circuit  output  current. 


by  the  electrical  circuit  into  a  plasma.  Once  a  plasma  is  created,  it  usually  ran 
supply  the  electron  current  extracted  by  the  high  field  in  the  diode  gap.  The 
plasma  siuface  then  behaves  very  much  like  a  cathode  surface  with  a  low  work 
function  consisting  what  is  called  a  virtual  cathode  [2].  This  name  is  usually 
associated  with  refiex  diodes,  but  it  is  also  used  to  describe  the  fact  that  the 
existing  cathode  plasma  replaces  the  real  metal  cathode  surface  in  regards  to 
the  electric  field  in  the  diode.  The  plasma  surface  shape  can  modify  the  electric 
field  line  shape  in  the  diode  high  voltage  gap.  An  inhomogeneous  plasma  could 
create  high  localized  electric  fields  which  could  cause  ion  bejim  divergence  or 
even  diode  breakdown.  The  flashboard  has  to  be  able  to  create  a  homogeneous 
cathode  plasma. 

The  dashboard  was  built  from  an  array  of  120  arcing  points  as  cam  be  seen 
in  figures  4-6  amd  4-7.  Figure  4-6  shows  the  flashboaurds  used  in  a  racetrack 
diode,  amd  figure  4-7  shows  the  flaishboard  iised  in  an  amnulau'  diode.  Figure 
4-8  amd  figure  4-9  show  pictures  of  the  visible  light  emitted  during  flashboard 
operation.  Each  arcing  point  consists  of  a  centad  metaJ  pin  surrounded  by  a  TiH2 
powder  filled  grove.  The  powder  was  botmd  to  the  grove  with  a  sodium-silicate 
binder.  The  cxirrent  through  each  arcing  point  was  limited  by  a  llOf^  0.25  Watt 
resistor.  The  total  resistamce  of  the  fiatshboard  was  about  0.917  which  did  not 
effect  the  circuit  current.  This  aurangement  assured  a  homogeneous  dissipation 
of  the  circuit  current  over  the  flashboard  au’ea. 

An  arc  created  in  vacuum  evaporates  some  of  the  electrodes  material.  This 
material  is  ionized  amd  a  plasma  of  electrons  amd  positive  ions  (some  of  them 
double  or  triple  ionized)  is  created.  As  will  come  out  of  this  work,  negative  ions 
adso  exist  in  this  plaisma.  The  au’c  plasma  is  then  driven  forwards  by  diffusion 
forces  amd  by  the  arc  current  magnetic  field.  The  plaisma  sxirface  should  look 
like  120  discrete  points  immediately  after  firing  the  plaisma  gtm.  But  at  a  later 
time  the  plasma  expamds  amd  should  create  a  more  homogeneous  surface.  This 
should  be  true  haven’t  we  had  am  insulating  magnetic  field.  This  field  could 
confine  the  plaisma.  We  shall  return  to  the  problem  of  plasma  homogeneouty 


a:  Regular  flashboaxd-front  view. 


b:  Dense  array  point  flashboard. 

Figure  4-6:  Racetrack  diode  Hashboard. 


a:  Plashboard  Croat  wiew. 


b:  Plashboard  side  view. 

Figure  4-7:  Annular  diode  flashboard. 


Figure  4-8:  Light  emitted  from  a  racetrack  dashboard. 


Figure  4-9:  Light  emitted  from  an  annular  diode  dashboard. 


and  expansion  in  a  high  voltage  insulated  diode  in  chapter  8. 

4.5  Light  measuring  system 

The  light  measuring  system  was  introduced  in  order  to  measure  the  actual 
time  lag  between  pleisma  gun  firing  and  application  of  the  high  voltage  pulse  to 
the  diode.  An  optical  fiber  was  put  into  the  diode  vacuum  chamber  collecting 
light  emitted  from  the  cathode  surface.  The  light  was  transferred  through  the 
fiber  to  a  photomultiplier,  the  output  of  which  was  recorded  by  a  scope.  The  light 
signal  gave  us  information  about  the  fiashboaxd  operation  conditions.  Sometimes 
a  low  amplitude  light  signal  meant  that  the  batteries  have  to  be  recharged,  and 
sometimes  it  meant  that  the  flashboeu^d  was  contaminated  with  metal  deposits 
created  in  the  diode  vacuum  chamber,  causing  some  of  the  arcing  points  on  the 
dashboard  to  short. 

Exzimples  of  light  signeds  measured  are  shown  in  figure  4-10.  Light  mea¬ 
surements  show  clearly  the  flashboard  current  frequency  amd  light  amplitude. 
One  can  easily  see  that  the  magnetic  field  confine:  the  plasma  since  with  this 
field  the  second  and  third  h'ght  amplitudes  are  about  the  same. 

4.6  Langmuir  probe  plasma  measurements 

Plasma  pareimeters  were  measured  using  a  double  Langmuir  probe.  All 
plasma  measurement  were  performed  on  a  racetrack  diode  geometry,  without 
applying  a  high  voltage  or  a  magnetic  field.  When  we  tried  to  measure  the 
plasma  parameters  with  a  magnetic  field,  no  signal  was  recorded  the  Langmuir 
probe  indicating  that  the  plasma  was  confined  by  the  field.  The  experiment 
setup  is  shown  in  figiire  4-11,  and  the  Lauig^.:-.ir  probe  circuit  is  given  in  figure 
4-12. 

Probe  measurements  were  made  under  low  amd  high  plasma  gtm  output 
cvurent  conditions.  The  probe  was  made  from  two  metallic  thin  rods  with  an 
exposed  area  of  7.8  x  10~®m^.  The  rods  were  embedded  in  a  copper  tubing 
seaded  with  epoxy  and  connected  to  the  chamber  flange  through  a  Wilson  seal. 


a:  Magnetic  field  ^  3.1  kgauss. 


b:  Magnetic  field  =0 

Figure  4-10:  Photomultiplier  light  signal  together  with  plasma  gim  trigger¬ 
ing  signal  for  a  0.25fiF  capacitor,  1:2  output  transformer  in  diferrent  insulating 
magnetic  fields. 


Figure  4-11:  Langmuir  probe  plasma  measurments  setup. 
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The  voltage  difference  on  the  probe  was  changed  with  a  30  volt  battery  and 
^  a  potentiometer  (see  figure  4-12).  Probe  signal  v/as  passed  through  an  10:30 

insulating  transformer  and  recorded  on  a  scope.  In  order  to  be  able  to  cedculate 
the  plasma  paxeuneters  a  graph  of  probe  current  versus  probe  voltage  has  to  be 
drawn  [53].  The  plasma  temperature  can  be  found  by  measuring  the  slope  of 
I  the  graph  at  the  origin: 
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Where  I  is  the  probe  current,  V  is  the  probe  voltage,  Tg  is  the  plasma 
electron  temperature,  and  ii+  and  *2+  probe  saturation  currents  for  a 

negative  and  a  positive  voltage  respectively.  Once  the  temperature  is  known  we 
can  use  it  to  calculate  the  electron  density  using  the  equation: 


Where  A  is  the  probe  exposed  area,  rio  is  the  plasma  electron  density,  m  is 
the  plasma  ion  mass,  and  is  the  satiiration  current.  An  example  of  the  probe 
current  together  with  the  light  pulse  collected  by  the  optical  fiber  is  shown  in 
figure  4-13  for  a  plewma  gun  with  high  current  conditions.  Probe  current  has  a 
delay  of  about  0.5^sec  compared  to  the  light  pulse  indicating  that  the  front  part 
of  the  plasma  has  an  expansion  velocity  of  about  8.0  cm//isec.  This  velocity 
was  also  measured  by  putting  a  Faraday  cup  at  a  distance  of  13.0  cm  from  the 
cathode  surface.  Faraday  cup  current  is  shown  in  figure  4-14.  The  expansion 
velocity  of  the  plasma  front  is  indeed  about  8.0  cm//isec.  It  is  to  be  remembered 
that  these  measurements  were  done  without  an  insulating  magnetic  field  present. 
We  repeated  the  measurement  with  an  insulating  magnetic  field  of  about  3.0 
kGauss.  The  restilts  are  shown  in  figure  4—14  b.  No  current  wm  measured  by 
the  Faraday  cup.  It  is  clear  that  even  this  small  magnetic  field  confines  the 
plasma  produced  by  the  gun  under  high  current  conditions.  The  high  expansion 
velocity  of  the  plasma  is  probably  caxised  by  the  magnetic  field  produced  by  the 
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Figure  4-13:  Typical  Lansmuir  probe  current  and  light  pulse  from  a  plasma 
gun  operating  under  high  current  conditions. 


flzishboaxd  axe  current.  This  field  drives  the  airc  plasma  forwards.  This  is  what 
we  call  a  Bostick  plasmoid  [54].  Since  the  plasma  behavior  is  different  whenever 
we  have  an  insulating  magnetic  field  we  shall  not  discuss  it  any  more. 

Typical  Langmuir  probe  current -voltage  graphs  are  shown  in  figure  4-15 
for  the  low  current  conditions  and  in  figure  4-16  for  the  high  current  plasma 
gun  conditions.  One  can  easily  measure  the  saturation  current  and  the  graph 
slope  at  the  origin.  Table  4-1  contains  the  probe  measurement  results,  typical 
plasma  densities  are  around  3  x  10^^/cm^  for  low  current  conditions,  and  around 

1.3  X  10^ ^/cm^  for  the  high  current  conditions.  Plasma  temperature  is  around 

3.3  eV  for  the  low  current  case  and  around  1.6  eV  for  the  high  current  case. 
Plasma  density  and  temperature  were  meaisured  at  the  center  of  the  cathode 
and  at  two  points  each  3.0  cm  from  the  cathode  center.  Plasma  density  was  a 
little  lower  at  the  center.  This  difference  could  be  attributed  to  the  fact  that 
the  probe  was  about  2.0  cm  from  the  cathode  surface.  Since  the  gun  consists 
of  120  distinct  points  there  might  be  a  small  plasma  density  difference.  The 
calculations  are  based  of  the  assumptions  that  we  have  only  positive  hydrogen 
ions  in  the  plasma.  We  could  take  into  account  the  effect  of  two  positive  maiss 
species  by  looking  at  equation  4.2  zmd  introducing  an  effective  mass: 


1  _  Cl  C2 

\/^e//  V^l  y/^2 


(4.3) 


Where  mi  and  mj  are  the  ion  masses,  emd  ci  and  C2  are  their  concentrations 
respectively,  where  ci  +C2  =  1.  If  we  assume  a  plasma  of  50%  hydrogen  and  50% 
carbon  ions  we  get  a  plasma  density  which  is  about  13%  lower  than  the  numbers 
given  in  table  4-1.  Gas  load  was  estimated  by  the  chamber  pressure  rise  to  be 
about  10^*  particles  per  pulse  under  high  current  plasma  gun  conditions.  This 
did  in  some  cases  impose  a  too  high  lozui  on  the  diode  and  we  had  to  put  a  50% 
fine  screen  in  front  of  the  g\m.  The  plasma  on  the  screen  surface  was  much  more 
homogeneous  as  could  be  inferred  from  beam  divergence  measurements.  We 
could  not  meMure  its  parameters  because  the  signal  to  noise  ratio  of  the  probe 
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center 

3.3  X  10“ 
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center 

3.5  X  10“ 

3.0 

lO.O 

center 

3.7  X  10“ 

3.9 

4.0 

right 

6.3  X  10“ 

2.9 

4.0 

top 

6.7  X  10“ 

2.6 

*4.0 

center 

1.3  X  10“ 

1.6 

Table  4-1:  Plasma  temperature  and  density  measurments  with  a 
Langmuir  probe  at  different  position  and  distances,  under  low  current 
plasma  gun  conditions 

*this  measurment  was  done  with  high  current  plasma  gun  con> 


ditions. 


was  too  low  in  this  case.  The  gas  load  in  the  case  of  low  current  gun  condition 
did  not  cause  any  problems  in  all  diode  configurations.  We  shall  discuss  this 
problem  further  when  dealing  with  results  of  the  sepaurate  diodes  investigated. 

4.7  Summary 

The  problem  of  plasma  production  in  a  high  voltage  beam  producing  diode 
was  discussed  in  this  chapter.  A  new  plasma  gun  wais  developed  to  simulate  the 
effects  of  the  machine  prepulse  and  to  produce  a  more  homogeneous  plasma  into 
the  diode  gap.  The  plasma  g\m  was  operated  for  a  few  hundred  shots  by  now. 
The  only  problem  was  contamination  of  the  flaishboard  surface  which  appeared 
once  due  to  material  evaporated  in  the  diode  during  breakdowns.  The  fiaishboaxd 
was  cleamed  with  isopropyl  aichohol  and  new  Ti  powder  put  in  the  groves.  The 
plasma  gun  is  very  reliable  and  has  a  very  good  timing  and  plasma  production 
reproducibility. 


Chapter  5  EXPERIMENTS  WITH  A  CYLINDRICALLY 
SYMMETRIC  COAXIAL  DIODE 


5.1  Diode  geometry 

The  .vlindrically  symmetric  coaxial  diode  consists  of  an  inner  cylindrical 
cathode  haid  ein  outer  cylindrically  shaped  wire-mesh  emode  (figure  5-1).  This 
diode  geometry  is  very  simple,  and  the  high  symmetry  provides  a  good  magnetic 
insulation  (we  shedl  discuss  this  point  in  section  5.2).  The  cathode  was  made 
from  a  conducting  material,  which  sometimes  was  coated  with  a  thin  dielectric 
layer  (we  tried  polyethelene,  diffusion  pump  oil  or  parafine).  We  tried  cathodes 
made  of  aluminum  and  carbon.  Cathodes  with  diameters  varying  between  25mm 
and  70mm  were  tried.  The  cathode  was  mounted  on  an  eduminum  tubing 
connected  to  the  APEX  output.  Cathodes  could  be  easily  interchanged  without 
changing  the  diode  coaxial  eilignment.  The  anode  was  made  of  a  4”  diameter 
stainless  steel  wire  mesh  with  a  50%  transparency.  The  wire  mesh  was  attached 
to  two  epoxy  casted  magnetic  field  coils.  It  was  electrically  grounded  to  the 
vacuum  chamber  through  four  conductors  to  lower  the  coil  and  diode  inductance. 
The  best  diode  high  voltage  holdoff  was  achieved  when  we  used  a  cathode  with 
a  radius  of  1/e  of  the  anode.  In  this  case  the  diode  had  less  breakdowns  since 
the  field  on  the  cathode  surface  is  minimal.  All  the  meeisurements  done  on  the 
coeixieil  diode  were  performed  with  the  APEX  prepulse  resistor  disconnected. 
Typical  voltage  current  traces  can  be  seen  in  figure  5-2.  The  voltage  was  peaked 
around  700  kV  and  the  current  was  usually  around  30  kA. 

This  diode  resembles  very  much  the  magnetron.  The  magnetron  is  an 
instrument  used  among  other  things  to  create  negative  ions  and  measure  their 
affinity  [55].  It  consists  of  an  electron  emitting  hot  filament  surrounded  by  a 
grid  and  an  anode  in  a  cylindricadly  symmetric  coaxial  arrEuigement.  An  axial 
magnetic  field  of  a  few  hundred  gauss  prevents  the  electrons  from  reaching  the 
anode.  A  low  pressure  gas  is  allowed  into  the  instrument.  Gas  atoms  ionized 


Figure  5-1:  Cylindrically  syrr-n*etric  coaxial  diode. 
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b:  Anode  cathode  distance=20  mm. 
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Figure  5-2;  Voltage-current  traces  for  a  cylindrical  diode. 


by  the  electrons  emitted,  create  negative  ions.  Electrons  are  prevented  from 
reaching  the  anode  by  the  grid  and  the  ajcied  magnetic  field.  The  total  current 
(ion  +  electron)  is  measured  in  the  absence  of  the  magnetic  field,  and  the  ion 
current  alone  in  its  presence.  It  is  then  possible  to  compare  the  fluxes  of  ions 
and  electrons  out  of  a  small  volume  near  the  filament  surface.  The  flux  of 
neutral  species  into  this  element  of  volume  may  be  calculated  by  the  kinetic 
theory  of  gases  and,  if  fluxes  into  the  volume  are  identified  with  concentrations, 
the  equilibrium  constant  for  ion  formation,  at  the  assumed  temperature  of  the 
filjiment  surface,  may  be  calculated,  and  the  heat  of  reaction,  which  is  the 
required  electron  affinity,  may  be  evaluated  by  methods  of  statistical  mechanics. 
The  geometry  and  operation  of  this  instrument  is  basically  similar  to  the  coaxial 
diode.  The  interesting  point  here  is  that  it  was  necessary  to  put  a  grid  to  collect 
electrons  and  prevent  the  creation  of  the  negative  space  charge  near  the  cathode. 
The  high  voltage  diode  in  our  ceuse  does  not  have,  however  an  electron  collecting 
grid  like  in  the  magnetron  case.  The  electron  cloud  around  the  cathode  can 
create  a  space  charge  which  might  prevent  negative  ions  from  leaving  the  cathode 
plasma  emd  reach  the  acceleration  gap. 

The  cylindrically  symmetric  coaxial  diode  was  investigated  at  the  Lebedev 
institute  (see  chapter  2).  Currents  of  the  order  of  200  A/cm^  have  been 
measured.  Ion  current  was  measured  using  carbon  nuclear  activation  by  the 
beam  protons.  However,  the  results  of  the  Lebedev  institute  group  could  not  be 
reproduced  by  other  researchers.  A  review  of  the  Lebedev  institute  group  work, 
as  well  2is  of  other  groups  is  given  in  chapter  2. 

Due  to  its  geometry,  the  coaxial  diode  cannot  produce  a  unidirectioned 
beam.  Ions  accelerated  by  the  electrical  field  move  baisically  in  a  radially 
outwards  direction.  As  we  shall  see  in  chapter  5.2,  the  insulating  magnetic 
field  causes  the  ions  to  have  an  azimuthal  deflection.  The  ions  going  out  of 
this  diode  will  not  move  in  the  same  direction  and  will  probably  not  meet  the 
definition  of  what  we  call  a  ’’beam”.  This  diode  is  certainly  useless  for  fusion 
or  beam  propagation  purposes.  However,  because  of  its  simple  configuration, 


and  in  order  to  try  and  reproduce  the  Lebedev  group  results  we  decided  to 
investigate  this  diode. 

5.2  The  insulating  magnetic  field  and 
its  use  for  ion  mass  spectrometry 

The  insulating  magnetic  field  was  supplied  by  two  magnetic  coils.  The 
field  was  parallel  to  the  diode  axis.  The  two  coils  were  connected  in  series  to 
a  capacitor  bank  through  the  circuit  described  previously  in  figure  3-3.  The 
magnetic  field  was  14.0  kGauss  when  the  capacitor  bank  was  charged  to  its 
maximum  voltage  of  ±3.0  kV.  Magnetic  field  pulse  shape  was  similar  to  current 
shape  shown  in  figure  3-4a.  The  coils  inductzince  was  about  20/xHenry.  Field 
intensity  was  calculated  using  the  EFFI  code  [56].  Field  direction  and  intensity 
were  measured  as  a  function  of  the  distance  from  the  diode  axis  with  a  small 
search  coil  and  also  with  a  small  Hall-effect  probe.  The  results  are  shown  in 
figure  5-3.  The  EFFI  code  calculations  agree  quite  well  with  the  search  coil 
measurements. 

We  used  this  insulating  magnetic  field  to  perform  mass  spectrometry  of  the 
ion  beam.  This  was  done  by  tracing  the  particle  trajectory  with  a  CR-39  film 
and  compare  it  to  a  calculated  trajectory.  This  way  we  were  able  to  find  out 
what  ion  species  does  our  beam  conteiin,  and  even  to  see  what  their  energies  are. 
First  let  us  see  what  is  the  trajectory  of  a  particle  emitted  from  the  cathode 
under  the  combined  influence  of  the  electric  and  magnetic  fields.  We  shall  use 
the  single  particle  approximation  and  Msume  that  the  particle  is  not  affected 
by  space  charge  of  other  particles  around  when  it  crosses  the  high  voltage  gap. 
We  shzdl  first  describe  the  equations  of  motion  for  the  case  of  a  parallel  plates 
gap  and  then  modify  the  equations  to  the  cylindrical  C2ise. 

Charged  particles  ejected  from  the  cathode  are  subject  to  an  E  x  B  drift 
[57].  The  equation  of  motion  of  a  peurticle  in  the  presence  of  electric  zmd  magnetic 
fields  is: 
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(5.1) 


a;  Magnetic  field  lines. 


b:  Field  intensity  at  the  diode  center  as  a  function  of  distance  from  the 
Figure  5-3:  Insulating  magnetic  field  for  a  cylindrical  diode. 


For  a  homogeneous  magnetic  field  along  the  z  axis,  an  electric  field  along  the  x 
axis  and  a  particle  with  initial  velocity  in  the  x-y  plane  we  get: 
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dt  m 

(5.2) 
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Where  Uc  is  the  cyclotron  frequency: 
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• 

The  particle  motion  is  composed  of  drifting  circular  orbits. 

The  drift 

velocity  is  : 
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•  The  drift  velocity  is  independent  of  the  particle  mass  or  energy.  The  radius  of 

each  drifting  circle  is  the  Larmor  radius: 
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And  vx  is  the  particle  velocity  in  the  x-y  plane.  The  Larmor  radius  for  electrons 
is  much  smaller  than  it  is  for  ions.  Electrons  are  prevented  therefore  from 
crossing  the  high  voltage  gap,  and  ions  do  cross  it.  Actually  relativistic  effects 
should  be  t2Lken  into  account  when  dealing  with  electrons,  but  the  above  equation 
are  correct  for  ions.  Magnetic  insulation  wm  checked  by  taking  x-ray  pictures 
of  the  diode  at  different  magnetic  fields  (see  figure  5—4).  It  is  clearly  seen  that 
we  get  a  good  magnetic  insulation  even  at  fields  as  low  as  4  kGauss  for  a  high 
voltage  gap  of  20  mm  and  a  voltage  of  about  75C  WV. 

In  our  ceise  the  diode  has  a  cylindrical  symmetry.  We  have  a  magne'-ic  field 
along  the  diode  axis,  and  an  electric  field  in  the  raditil  direction.  We  shall  assume 
that  both  fields  are  a  function  of  the  radial  distance  r,  but  are  homogeneous  along 
the  diode  axis.  We  then  get  the  equations  of  motion: 
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Magnetic  field  =  0  kGauss. 


Magnetic  field  =2.0  kGauss. 


Figure  5-4:  X-ray  pictures  for  different  magnetic  field  values. 


(5.9) 
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We  solved  this  set  of  equation  numerically  on  a  computer.  The  electric  field  was 
introduced  under  the  assumption  that  the  plasma  layer  is  very  thin  such  that  the 
field  is  given  by  the  diode  geometry  only.  The  magnetic  field  was  introduced  to 
the  equations  by  taking  the  field  measurements  results  and  fitting  a  polynomial 
to  them  by  minimizing  the  mean  square  deviation.  Paxticle  trajectories  were 
calculated  for  hydrogen  and  carbon  ions  for  diiferent  values  of  diode  voltage  Eind 
magnetic  field  (see  figure  5-5).  A  box  with  two  1.0  mm  holes  in  it  was  put  around 
the  anode  wire  mesh.  The  box  was  covered  with  a  CR-39  track  detector  (see 
figure  5-6).  A  similar  idea  was  used  at  Cornell  for  investigating  a  positive  beaun 
ion  mass  composition  [58].  We  designed  the  box  such  that  hydrogen  ions  would 
be  deflected  to  the  lower  part  of  the  box  and  cau'bon  or  higher  mziss  negative 
ions  would  be  deflected  to  the  back  side.  A  piece  of  CR-39  was  also  put  at  the 
top  side  to  try  and  detect  positive  ions.  However,  in  none  of  the  experiments 
performed  with  this  box  were  any  positive  ions  detected.  The  box  itself  is  shown 
in  figure  5-7.  It  is  estimated  that  this  method  could  not  detect  hydrogen  ions 
with  energy  less  thm  80  KeV  due  to  the  finite  thickness  of  the  lower  box  cover 
in  which  the  hole  was  drilled.  Such  ions  would  impinge  on  the  box  at  a  low 
angle  and  hit  the  hole  walls. 

A  few  kinds  of  experimental  errors  can  happen  when  using  the  above 
method.  Ion  tracks  on  the  CR-39  were  sometimes  etched  so  that  they  could 
not  be  seen  in  the  microscope.  This  usuadly  happened  when  ions  impinge  on 
the  track  detector  with  low  angle.  They  then  penetrate  the  CR-39  to  a  smaller 
distance.  When  the  material  is  etched  (we  usually  etched  it  for  one  hour  at 
80°  C)  a  bxilk  of  material  is  removed  (see  chapter  3),  and  the  tracks  disappear. 
An  example  can  be  seen  in  figure  5-9. 

The  EFFI  code  does  not  take  into  account  the  fact  that  the  magnetic  field 
penetrates  only  a  few  millimeter  into  the  cathode.  When  calculating  the  different 
ion  trajectories  we  take  into  account  mainly  the  magnetic  field  intensity  in  the 
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Figure  5-5:  Calculated  ion  trajectories. 
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Figure  5-6:  Ion  mass  spectrometry  experiment  layout. 


Figure  5-7:  Ion  track  detecting  box  for  mass  spectrometry. 


a:  Polyethelene  coated  cathode. 


b:  Carbon  cathode. 


c:  .Aluminum  cathode. 

Figure  5-8;  CR-SO  ion  tracks  for  different  G3  mm  diameter  cathodes. 


high  voltage  gap.  This  field  would  be  higher  due  to  the  exclusion  of  the  magnetic 
field  from  the  cathode.  We  calculated  ion  trajectories  taking  into  account  a  20% 
higher  magnetic  field.  This  did  cause  the  different  ion  trajectories  to  change. 
Talcing  this  effect  into  account  enabled  us  to  identify  ion  species  like  hydrogen 
and  carbon  for  which  the  mass  difference  is  large.  These  ion  trajectories  agreed 
very  well  with  the  calculated  ones.  However  we  could  not  decide  about  a  higher 
mass  pealc  if  it  is  CJ  or  O". 

When  we  calculated  the  ion  trajectories  we  assumed  that  both  magnetic 
and  electric  fields  are  homogeneous  along  the  diode  axis.  In  this  case,  ion  tracks 
on  the  CR-39  should  follow  a  straight  line.  An  example  of  such  a  line  is  shown 
in  figure  5-8.  Any  inhomogeneouty  in  the  electric  or  magnetic  fields  could  cause 
the  ions  to  deflect  in  the  ajcial  direction.  Such  a  deflection  could  not  be  caused  by 
any  means  by  the  initial  velocity  direction  of  the  ion  when  it  leaves  the  plasma. 
The  energy  of  the  ions  in  the  plasma  is  a  few  electron  volts,  and  the  velocity  or 
direction  at  which  they  leave  the  plasma  has  no  effect  on  their  trajectories  at 
the  high  voltage  gap. 

5.3  Experiments  with  polyethelene  covered  cathodes 

5.3.1  Pinhole  camera  pictures 

The  polyethelene  covered  cathode  was  usually  made  of  an  inner  aluminum 
rod  covered  with  a  thin  layer  (1-2  mm)  of  polyethelene  (see  figure  5-10).  The 
polyethelene  was  drilled  with  2mm  holes  and  then  sandpapared  zmd  cleaned 
with  methanol.  Cathodes  were  used  for  tens  and  hundreds  of  shots  without  any 
significant  damage. 

Pinhole  camera  pictures  of  the  cathode  show  an  interesting  phenomena. 
Emission  of  negative  ions  was  localized  to  a  few  spots  on  the  cathode  surface 
(see  figure  5-11)  .  Both  high  and  low  energy  ions  were  emitted  from  these  spots. 
This  was  reveeiled  by  covering  the  CR-39  with  a  2.5^m  of  mylar  film.  This  myleir 
stops  hydrogen  ions  with  energy  less  then  250  kV.  It  also  stops  heavier  ions  over 
our  whole  energy  range  (see  chapter  3).  The  fact  that  both  low  and  high  energy 


ions  axe  emitted  from  the  same  spots  leads  to  the  conclusion  that  the  spots  are 
active  over  most  of  the  high  voltage  pulse  period.  It  also  leads  to  the  conclusion 
that  the  spots  axe  created  at  about  the  same  time.  The  hot  spots  phenomena  is 
very  typical  to  electron  emission  from  the  cathode.  This  is  the  first  time  that  a 
similar  phenomena  is  associated  with  negative  ion  emission  from  the  cathode. 

The  initiation  of  cathode  hot  spots  was  discussed  in  chapter  4.  These 
spots  axe  formed  eis  a  consequence  of  the  explosion  of  microprojections  on  the 
cathode  after  reaching  the  critical  field-emission  current  density.  The  places  of 
appeaxance  of  this  hot  spots  fluctuate  on  the  cathode  siirface  of  a  high  voltage 
diode  [59].  These  place  fluctuations  were  not  observed  in  our  czise.  This  is  just  a 
conclusion  based  on  the  fact  that  we  get  both  low  and  high  energy  ions  from  the 
same  spot.  This  means  that  during  the  high  axid  low  voltage  parts  of  the  pulse 
the  spot  stayed  at  the  same  position.  This  is  true  within  a  few  millimeters.  A 
typical  CR-39  spot  picture  has  a  diameter  of  about  2-3  mm  which  is  equivalent 
to  a  diameter  of  5-8  mm  on  the  cathode  surface.  We  would  not  therefore  observe 
spot  place  fluctuations  within  a  distance  of  a  few  millimeters. 

Ions  with  transverse  deflection  angle  of  about  100  milliradians  can  be  seen  in 
figure  5-11.  Without  this  transverse  deflection  we  should  have  gotten  a  straight 
line  picture.  It  looks  like  the  plasma  created  at  the  few  spots  seen  deforms  the 
electrical  field  in  the  acceleration  gap  causing  this  deflection.  The  large  spot 
diameter  together  with  the  small  nvunber  of  spots  leads  to  the  conclusion  that 
plasma  created  at  the  spots  expands  very  quickly  and  shields  the  rest  of  the 
cathode  Eurea  from  the  electric  field  in  the  gap.  Once  this  happens  no  more 
spots  can  be  created  on  the  cathode  by  field  emission.  A  similar  phenomena 
was  observed  by  Hinshelwood  [60].  The  fact  that  we  get  negative  ion  emission 
only  from  a  few  spots  on  the  cathode  area  will  be  the  subject  of  the  theoretical 
discussion  in  chapter  8.  These  hot  spot  dense  plasma  points  distort  the  electric 
field  in  the  high  voltage  gap  and  create  large  ion  deflection.  As  we  shall  see 
later,  this  phenomena  was  typical  to  polyethelene  cathodes  in  all  types  of  diode 
configuration  investigated. 


Figvire  5-11:  Pinhole  camera  picture  of  a  polyethelene  cathode. 


We  cam  use  the  pinhole  camera  picture  to  count  the  number  of  particles 
emitted  from  a  hot  point.  The  average  number  counted  in  figure  5-11  was 
about  3  X  10^  particles  per  spot.  This  is  equivalent  to  a  current  density  of  about 
25A/cm^  averaged  on  the  spot.  Talcing  into  account  that  the  spots  cover  about 
20%  of  the  cathode  area  we  get  an  average  current  of  about  5A/cm^  over  the 
whole  cathode. 

The  fact  that  we  get  negative  ion  emission  from  a  small  random  area  on 
the  cathode,  together  with  the  fact  that  the  electric  field  in  the  gap  is  distorted 
creates  a  problem.  We  lose  a  significant  amount  of  ions  which  are  deflected 
by  the  tremsverse  fields.  These  fields  also  csm  cause  problems  when  a  second 
stage  accelerating  system  is  used  since  the  whole  beam  optics  is  distorted.  This 
lowers  the  efficiency  of  the  magnetic  instilation,  Eind  causes  power  loss  to  the 
diode.  And  the  really  bad  thing  here  is  that  the  transverse  fields  8ire  of  reindom 
nature  and  it  is  not  possible  to  overcome  the  problem  they  create. 

5.3.2  Wire  mesh  CR-39  pictures 

We  used  CR-39  to  take  pictures  of  ion  emission  from  all  diode  parts.  This 
wets  done  just  by  covering  the  whole  anode  with  small  pieces  of  CR-39  track 
detector.  Sometimes  we  covered  the  CR-SQ  with  thin  layers  of  myleu:  to  see  the 
picture  at  different  ion  energies.  This  technique  gave  us  information  about  ion 
emission  from  all  diode  parts  in  a  single  shot. 

Figure  5-12  is  a  CR-39  wire  mesh  picture  of  ion  emission  from  a  diode. 
With  ions  accelerated  radially  outwards  we  should  get  a  clear  square  wire  mesh 
picture  with  square  holes.  With  ions  deflected  in  the  azimuthal  direction  only 
(such  in  the  case  of  homogeneous  electric  and  magnetic  fields)  we  should  get  a 
wire  mesh  with  rectangular  holes  with  their  long  edge  in  the  azimuthal  direction. 
This  edge  should  be  clear,  but  the  other  edge  (in  the  axial  direction)  should  not 
be  very  well  defined  in  the  pictures  since  ion  energy  cheinges  during  the  pulse. 
This  is  caused  by  the  azimuthaJ  magnetic  deflection.  A  typical  picture  is  shown 
in  figure  5-12  a.  When  transverse  electric  field  in  the  diode  deflect  ion  beam 


a:  Undistorted  wire  mesh  picture. 


b:  Distorted  wire  mesh  picture. 

Figure  5-12:  Microscope  wiew  of  CR-39  wire  mesh  pictures. 


trajectories,  and  when  this  happens  in  niany  places  over  the  cathode  area  we 
get  a  distorted  wire  mesh  picture  (figure  5-12  b). 

Figure  5-13  describes  a  wire  mesh  picture  of  a  63  mm  polyethelene  cathode. 
There  are  some  areas  where  the  wire  mesh  looks  the  way  it  is  supposed  to  look, 
and  some  other  areas  where  the  whole  mesh  picture  is  distorted.  This  distortion 
could  be  associated  with  the  hot  spots  phenomena  discussed  in  5.3.1.  It  is  clearly 
seen  that  at  areas  where  the  picture  is  distorted  we  get  higher  ion  emission  both 
in  the  high  energy  case  (picture  with  mylar  on  it)  and  in  the  low  energy  case. 
The  fact  that  we  get  high  energy  ions  from  all  over  the  cathode  means  that 
during  the  pulse  the  plasma  spreads  all  over  this  airea.  Trajectories  of  negative 
ion  emitted  from  this  "expanded”  plasma  areais  are  less  deflected  by  transverse 
fields.  The  location  of  the  hot  spots  is  quite  reuidom,  and  we  could  not  8issociate 
them  with  any  particular  part  of  the  cathode. 

Looking  at  the  CR-39  pictures  in  the  microscope  shows  that  a  large  amount 
of  ions  hit  the  CR-39  at  low  angles.  A  rough  estimate  is  that  about  30%  of  the 
ions  have  an  energy  of  200  keV  or  less.  This  ions  covild  be  emitted  either  at 
the  end  or  at  the  beginning  of  the  pulse.  As  we  shall  see  later,  some  of  the  ions 
are  created  from  residual  gas  molecules  on  the  cathode  surface.  These  ions  are 
probably  created  sometime  at  the  beginning  of  the  high  voltage  pulse.  Since  in 
this  type  of  diode  we  were  not  able  to  measure  the  ion  current  with  a  Faraday 
cup,  we  could  not  check  when  these  low  energy  ions  were  created. 

5.3.3  Magnetic  field  mass  spectrometry 

Mass  spectrometry  of  the  ions  created  by  this  diode  wm  performed  via  the 
insulating  magnetic  field  mass  spectrometer  (see  chapter  5.2).  The  traces  zire 
of  H“  ions  and  about  an  equal  amount  of  C"  ions  (see  figure  5-8).  Hydrogen 
ions  with  energy  as  low  as  80  keV  which  is  the  lowest  detection  limit  of  this 
spectrometer,  were  measured.  CR-39  traces  have  a  wide  axial  spread  which  is 
probably  caused  by  the  transverse  fields  in  the  diode  gap.  The  higher  energy 
ions  have  a  smaller  axial  spread.  Beam  divergence  for  H“  ions  in  the  axial 
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direction  was  0.3  radians  at  an  energy  of  100  keV  and  about  70  milliradians 
at  an  energy  of  about  500  keV.  The  identification  of  H~  traces  was  confirmed 
by  putting  2.5^  mylar  on  the  CR-39.  The  mylar  stopped  all  ions  heavier  than 
H”.  Another  important  fact  is  that  no  positive  ions  were  detected.  These  ions 
would  be  easily  detected  on  the  back  side  of  the  CR-39  box  especially  for  the 
case  of  hydrogen  where  the  magnetic  deflection  is  the  largest.  It  is  quite  diflScult 
to  draw  any  more  conclusive  conclusion  in  this  case  because  of  the  large  axiad 
deflection. 

5.4  Experiments  with  carbon  cathodes 

5.4.1  Pinhole  camera  pictures 

The  carbon  cathode  was  just  a  63  mm  diameter  rod  of  graphite  with 
small  2mm  holes  drilled  in  it.  These  holes  were  drilled  to  create  some  field 
inhomogeneouty  on  the  cathode  surface  in  order  to  create  the  field  emission 
necessary  for  cathode  plasma  production.  Pinhole  czunera  pictures  talcen  on  a 
CR-39  track  detector  had  a  straight  line  shape.  Beam  divergence  was  around 
40  milliradians  with  an  estimated  intensity  of  about  l-3A/cm^  on  the  cathode 
surface.  This  estimate  is  based  on  etch  pit  coimting  of  the  CR-39  track  detector. 
The  fact  that  we  get  a  straight  narrow  line  means  that  in  this  case  the  azimuthad 
deflection  is  small  and  the  high  voltage  field  in  the  diode  gap  is  homogeneous. 
It  also  means  that  the  cathode  plasma  is  homogenous.  No  hot  spots  were  seen 
on  the  CR-39  pictures. 

5.4.2  Wire  mesh  CR— 39  pictures 

The  wire  mesh  picture  of  the  carbon  cathode  negative  ions  is  very  homo¬ 
geneous.  The  wire  mesh  can  be  clearly  seen  all  arormd  the  diode  (see  figure 
5-14).  The  same  picture  taken  with  2.5;i  mylar  on  the  CR-39  had  only  a  small 
amounts  of  ions  on  it.  It  looks  like  most  of  the  ions  in  this  case  are  carbon  ions. 
The  small  amount  (about  5%)  of  ions  passing  through  the  mylar  could  only  be 
negative  hydrogen  ions  with  energy  above  250  keV.  Checking  track  size  in  the 


Figure  5-14;  Wire  mesh  CR-39  pictxire  of  a  carbon  cathode. 


microscope  revealed  the  existence  of  a  small  number  of  tracks  with  a  smaller 
etched  diameter.  These  tracks  correspond  to  negative  hydrogen  ion  tracks  (see 
chapter  3). 

5.4.3  Magnetic  field  mass  spectrometry 

Magnetic  field  spectroscopy  revealed  the  experimental  facts  above.  The 
spectrometer  box  picture  had  a  straight  line  shape  with  most  of  the  ions  in  the 
carbon  area  (see  figure  5-8).  Tracks  of  heavier  ions  (which  might  be  or  0“) 
eire  also  clearly  seen  (see  figure  5-8).  It  is  estimated  that  about  10%  of  the  ions 
in  this  case  are  H“  ions  and  the  rest  consists  of  comparable  amounts  of  C~  ions 
and  heavier  ions  (probably  C^).  Identification  of  H“  ion  traces  weis  performed 
with  a  2.5^t  mylar  on  the  CR-39  film.  Lowest  carbon  ion  energy  is  estimated 
to  be  around  100  keV.  Since  ion  tracks  follow  a  straight  line  transverse  electric 
fields  do  not  probably  exist  in  the  acceleration  gap.  As  we  shall  see  later,  this 
behaviour  was  typical  to  all  conducting  cathodes  (meaning  cathodes  not  covered 
with  any  insulating  material).  No  positive  ions  were  seen  on  the  CR-39. 

5.5  Experiments  with  aluminum  cathodes 

Aluminum  cathodes  were  introduced  into  this  experiment  in  order  to  check 
the  effect  of  residual  gases  on  negative  ion  production.  We  used  cathodes  made 
of  bare  aluminum  which  of  course  does  not  produce  negative  ions.  The  cathodes 
were  sanded  and  cleaned  with  isopropyl-alchohol  before  instadled  in  the  diode. 
The  pressure  in  our  vacuum  system  was  around  10“®  Torr.  At  this  pressure 
we  have  a  few  monolayers  of  adsorbed  gases  on  the  cathode  surface  [61].  One 
monolayer  of  hydrogen  molecules,  for  instance,  contains  about  10^®  adsorbed 
background  gats  molecules  per  cm^.  These  molecules  can  be  removed  from 
the  cathode  surface  by  low  energy  electrons  and  some  positive  ions  hitting  the 
cathode  surface.  If  only  a  few  tenths  of  a  percent  of  these  molecules  create 
negative  ions  it  could  account  for  current  densities  of  a  few  A/cm^. 

Wire  mesh  pictures  revealed  a  very  homogeneous  beam  of  ions  (see  figure  5- 
15).  Ion  current  density  was  estimated  to  be  about  0.5A/cm^.  Beam  divergence 
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was  about  40  milliradians  in  the  ajcial  direction.  No  hot  spots  were  seen  on 
the  CR-39  pictures.  Magnetic  mass  spectrometry  (see  figure  5-8)  shows  tracks 
of  about  equal  amounts  of  C~  and  ions.  Only  a  small  amount  of  H“  ions 
(about  10%)  was  detected.  No  damage  signs  were  seen  on  the  cathode  after  a 
few  tens  of  shots. 

5.6  Experiments  with  other  types  of  diodes 

During  this  set  of  experiments  on  the  cylindricaJly  symmetric  diode  we  also 
tried  some  special  cathode  configurations.  Our  aim  was  to  try  and  get  more 
negative  ions  with  these  cathodes.  Not  always  did  we  make  a  complete  set  of 
measurements.  We  shall  describe  here  the  main  types  checked. 

The  first  cathode  was  made  of  a  czu:bon  coated  cylinder  wrapped  with 
carbon  fibers.  This  cathode  is  shown  in  figure  5-16.  We  did  check  here  only  the 
ciirrent  density  using  etch  pit  cotmting.  The  current  was  about  5A/cm^.  No 
attempt  was  made  to  check  the  beam  mass  composition.  We  then  coated  the 
carbon  fibers  with  a  thin  layer  of  wax.  This  did  not  change  much  the  current 
density  and  it  was  about  the  same  as  before. 

We  also  tried  a  cathode  with  a  wide  grove  in  it.  The  cathode  is  seen  in 
figure  5-17.  The  outer  sides  of  the  cathode  are  coated  with  polyethelene  in 
which  we  drilled  2mm  holes  in  the  usued  manner.  The  wire  mesh  picture  of 
this  cathode  is  shown  in  figure  5-18.  The  interesting  thing  here  is  that  we 
get  a  quite  homogeneous  emission  of  ions  from  all  over  the  cathode  above  the 
cathode  center.  The  current  density  at  the  edges  (where  we  put  polyethelene) 
is  higher.  Ions  at  the  edges  are  deflected  in  a  transverse  direction  showing  the 
behavior  of  hot  spots  seen  before.  The  field  intensity  at  the  cathode  center  is 
evidently  much  smaller  than  at  the  edges.  We  would  then  expect  a  much  higher 
CTurrent  intensity  at  the  edges,  since  we  have  a  dielectric  material  there,  and  also 
because  the  electric  field  there  is  higher.  We  also  would  expect  some  focusing 
of  the  beam.  This  is  because  of  the  electric  field  shape,  and  also  because  of 
the  magnetic  field  lines  shape  close  to  the  cathode.  Since  the  the  magnetic 


Figure  5-16:  Caibon  fibers  coated  cathode. 
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figure  5-18:  Wire  mesh  picture  of  a  polyethelene  cathode  with  a  grove. 
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field  cannot  penetrate  the  cathode  to  a  distance  larger  than  the  skin  depth,  it 
should  beisically  have  a  concave  shape.  Electrons  follow  magnetic  field  lines  so 
we  should  have  gotten  focusing  of  the  beam  towards  the  cathode  center.  This 
behaviour  was  not  detected. 

The  behaviour  of  this  last  cathode  leads  to  a  few  conclusions.  Plasma 
is  first  created  by  the  explosive  emission  phenomena  probably  at  the  cathode 
edges.  Electrons  and  ions  from  this  plasma  drift  in  the  diode  in  the  E  x  B 
direction.  They  hit  the  cathode  surface  and  release  adsorbed  gas  molecules  which 
by  collision  create  more  negative  ions.  This  usually  happens  when  electrons 
with  energy  of  at  least  a  few  hundred  volts  cause  excitation  of  the  adsorbate- 
substrate  bond  [62].  We  then  get  plasma  all  over  the  cathode  surface.  Ions  eure 
then  emitted  from  cathode  areas  which  do  not  have  a  dielectric  material  cover. 
Once  we  have  a  plasma  close  to  the  cathode  surface  it  changes  the  electric 
and  magnetic  field  lines  shape  at  the  vicinity  of  the  cathode.  The  electric  8ind 
magnetic  fields  become  more  homogeneous.  The  focusing  field  created  by  the 
cathode  shape  is  distorted  by  the  plasma.  This  explanation  is  not  conclusive.  It 
is  just  a  possible  explanation  to  the  ion  track  pictures  we  got  with  this  cathode. 

5.7  Summary 

The  results  of  negative  ion  production  meaisurements  using  a  cylindrically 
symmetric  coaxisil  diode  were  presented  in  this  chapter.  The  main  points  coming 
out  of  these  experiments  axe: 

•  When  using  an  insulator  covered  cathode  (like  polyethelene)  negative  ions 
axe  created  mostly  at  a  few  hot  spots  on  the  cathode  area.  The  spots 
have  a  circular  shape  with  a  5mm  diameter.  Laxge  axial  ion  deflection  was 
measured  in  this  case.  This  deflection  is  probably  caused  by  transverse 
electric  fleld  caused  by  distortion  of  the  gap  field  by  the  hot  spots.  It  looks 
like  these  spots  do  not  move  within  the  time  duration  of  the  high  voltage 
pulse. 

•  Both  negative  hydrogen  and  ceurbon  ions  axe  created  from  a  polyethelene 
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cathode  material 

current  density 

(A/cm^) 

divergence 

(radians) 

composition 

C2H2 

5 

70-300 

C 

1-3 

40 

10%  H“;45%  C~;45%  heavier 

A1 

0.5 

40 

10%  H“;45%  C~;45%  heavier 

Table  5—1:  summary  of  results  with  coaxial  diode  configuration. 
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cathode.  When  using  a  carbon  cathode  we  got  mostly  C  ions  with  an 
equivalent  amount  of  heavier  ions,  probably  C^. 

•  Negative  ions  axe  produced  both  from  the  bulk  material  and  residual  gases 
adsorbed  on  the  cathode  surface.  It  is  estimated  that  about  10%  of  the  ions 
originate  from  residued  gas  molecules. 

►  •  High  energy  ions  have  been  emitted  from  all  areas  of  cathodes  only  partly 

covered  with  dielectric  material.  It  appears  like  the  cathode  plasma  expands 
very  rapidly  along  the  cathode  surface  (expansion  time  estimated  to  be  not 
more  than  30  nsec),  and  releases  surface  molecules  from  all  over  the  cathode. 
^  The  electron  and  ion  E  x  B  drift  velocity  in  our  diode  is  about  6.6  m/fisec 

for  the  maximum  diode  voltage.  This  velocity  is  mass  independent,  and 
could  explain  the  ion  emission  above.  Positive  ions  and  electrons  drift  in 
opposite  directions,  but  if  we  have  a  few  hot  spots  covering  about  30%  of 
the  cathode  area  it  the  E  x  B  drift  could  still  explain  the  quick  plasma 
coverage  of  the  cathode. 

•  Current  densities  of  about  5A/cm^  have  been  measured.  Beam  axial  diver- 

\  gence  was  about  40  milliradians  for  cathodes  made  of  carbon  or  aluminum, 

and  about  200-300  milliradians  for  polyethelene  covered  cathodes. 

An  obvious  result  is  that  we  did  not  get  the  high  current  densities  reported 
by  the  Lebedev  group  on  a  similar  experiment.  This  experiment  is  discussed 
^  in  chapter  2.  The  current  densities  reported  by  the  Lebedev  group  reach 

200  A/cm^,  while  in  our  experiment  we  got  about  bk/crn^.  A  few  reasons 
can  account  for  this  difference.  One  of  them  might  be  the  ion  beam  current 
^  measuring  system.  Ion  cxirrent  density  was  meaisured  at  the  Lebedev  institute 

by  nuclei  activation  of  carbon  by  the  beeun  protons.  The  whole  wire  mesh 
area  was  covered  with  carbon  used  for  this  measurement.  This  way  ions  were 
measured  without  having  to  take  their  trajectories  into  consideration.  In  our 
\  experiment  we  used  etch  pit  counting  using  a  small  box  which  measures  only  a 

small  area  of  the  cathode  at  a  time.  With  this  method  low  angle  ions  are  lost 
during  the  etching  procedure  when  some  of  the  materiid  is  removed. 
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The  problem  still  appears  to  be  when  comparing  the  Lebedev  results 
with  the  Child-Langmuir  current  limit  (equation  3.1).  This  equation  applies 
basically  to  two  infinite  parallel  plane  geometry.  If  we  use  the  equation  as  an 
approximation  to  our  cylindrical  diode  we  see  that  for  the  voltage  zuid  spacing 
we  used  the  current  should  be  around  40  A/cm^  for  protons.  If  we  take  into 
account  a  beam  containing  about  50%  carbon  ions  and  50%  hydrogen  ions  the 
Child-Langmuir  limit  goes  down  to  about  25  A/cm^.  The  Lebedev  current 
density  reported  looks  very  high  compared  to  the  Child-Langmuir  limit.  We 
have  also  to  remember  that  this  limit  cannot  be  overcome  in  our  case  as  it  is  for 
the  case  of  a  positive  ion  producing  diode.  Electrons  drifting  in  the  high  voltage 
gap  in  the  case  of  a  positive  diode,  reduce  the  space  cheurge  of  the  positive  ions 
and  allows  one  to  reach  current  densities  much  higher  them  the  Child-Langmuir 
limit.  Since  we  are  dealing  with  negative  ions,  we  need  small  mass  positive 
particles  to  drift  in  the  gap  in  order  to  overcome  the  Child-Langmuir  limit. 
Such  particles  do  not  exist  of  course  in  our  case. 

Positive  ions  ejected  from  the  anode  plasma  could  reduce  the  space  charge 
and  allow  a  current  of  ions  a  little  higher  than  the  Child-langmuir  limit.  This 
is  usuzdly  considered  as  a  bipolar  flow  which  in  our  case  would  refer  to  positive 
and  negative  ions  (usually  it  refers  to  positive  ions  and  electrons)  [63].  In  case 
that  both  charges  reach  the  current  limit  it  comes  out  that  this  limit  is  1.86 
higher  than  a  single  particle  flow  limit.  This  number  could  not  explmn  the  high 
current  densities  reported  by  the  Lebedev  group.  We  still  have  a  high  electron 
charge  in  the  gap  which  also  tends  to  reduce  the  negative  ion  current.  We  also 
do  not  have  any  einode  plasma  producing  mechanism  eind  probably  the  positive 
ion  current  will  be  well  below  the  Child- Langmuir  limit.  We  measured  this 
positive  ion  current  emd  it  was  really  smadl. 

We  measured  the  positive  ion  current  in  our  diode  by  using  a  hollow  carbon 
cathode  seen  in  figure  5-19.  We  drilled  a  1mm  hole  in  the  cathode  and  put 
a  small  piece  of  CR-39  inside  the  cathode  against  the  hole.  The  current 
measured  was  about  0.5A/cm^  and  consisted  mainly  of  low  energy  ions.  This 
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a:  Hollow  cathode  experiment  setup. 


b;  Picture  of  hollow  cathode. 

Figure  5-19:  Hollow  carbon  cathode  setup  for  measuring  positive  ion  tracks. 
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was  confirmed  with  a  piece  of  thin  mylar  on  the  CR-39.  We  believe  that  these 
ions  cross  the  gap  at  the  end  of  the  high  voltage  pulse.  This  pulse  has  a  small 
poleirity  change  at  its  end.  We  believe  that  these  ions  have  no  effect  on  negative 
charge  space  neutralization  during  the  main  pulse. 

It  could  be  of  course,  that  the  cathode  plasma  expands  into  the  gap  and  the 
rcEil  gap  is  much  smaller.  A  virtual  gap  three  times  smaller  than  the  real  diode 
gap  makes  the  Child-Langmuir  limit  ten  times  larger.  As  we  shaJl  see  later, 
the  extracting  field  on  the  cathode  plasma  surface  is  small  since  it  is  shielded 
by  the  drifting  electron  cloud  in  the  diode  gap.  This  effect  lowers  the  extracted 
current,  and  tends  to  ’’balance”  the  effect  of  a  smaller  gap.  We  could  not  find  a 
satisfactory  explanation  for  the  large  ion  current  reported  by  the  Lebedev  group. 
In  our  experiment  we  did  not  have  the  same  prepulse  used  by  the  Lebedev  group 
and  described  in  chapter  3.  Since  we  could  not  have  any  control  of  this  prepulse 
we  built  a  prepulse  plasma  creating  gun.  We  were  not  able  to  build  this  gun 
with  a  cylindrical  symmetry  and  it  will  be  discussed  in  the  next  chapter  which 
describes  experiments  with  a  racetrack  diode. 


Chapter  6  EXPERIMENTS  WITH  A  RACETRACK 

TYPE  DIODE 


6.1  Diode  geometry 

The  racetrack  diode  has  an  inner  paddle  shape  cathode  positioned  at  the 
center  of  an  outer  wire  mesh  box  serving  as  the  anode  (see  figure  6-1).  This 
shape  provides  a  closed  current  path  for  the  electron  H2dl  current  created  by 
the  cathode,  as  well  as  a  plzuiar  plasma  surface  from  which  the  ion  beam  can  be 
accelerated  [64]. 

The  insulating  magnetic  field  was  supplied  by  a  11  turns  coil.  Each  turn 
was  made  of  two  0.5”  stainless  steel  rods  soft  soldered  to  two  copper  stripes 
at  the  upper  and  lower  sides.  The  coil  was  mechanicatUy  supported  by  a  G- 
10  epoxy  glued  box.  The  coil  current  was  supplied  by  the  capacitor  bank  and 
circuit  described  previously  in  chapter  3.4.2.  Magnetic  field  had  a  peak  value 
of  about  9.6  kGauss  when  the  capacitor  was  charged  to  ±3kV.  Calculated  field 
lines  using  the  EFFI  code  are  parallel  to  the  diode  axis.  Magnetic  field  profile 
can  be  seen  in  figure  6-2.  Electric  field  lines  are  basically  perpendicular  to  the 
cathode  surface  (at  least  when  this  situation  is  not  changed  by  the  emitting 
plasma  surface).  Electrons  are  believed  to  drift  in  closed  path  trajectories  in 
a.  E  X  B  direction  around  the  cathode.  20eV  electrons  drifting  with  the  E/B 
velocity  have  a  Larmour  radius  of  tenths  of  a  millimeter.  The  Lairmor  radius 
of  electrons  which  gain  the  whole  diode  energy  is  about  2mm.  Electrons  would 
therefore  drift  arotind  the  cathode  edges  without  being  lost.  The  problem  is  that 
the  transverse  component  of  the  electric  field  causes  the  electrons  to  drift  along 
magnetic  field  lines  and  out  of  diode.  If  the  magnetic  field  has  a  high  degree 
of  symmetry  this  process  would  be  slow  enough  not  to  cause  a  high  diode  load 
during  the  pulse. 

The  magnetic  field  pulse  shape  followed  the  coil  current  shape  seen  in  figure 
3— 4b.  The  pulse  has  a  rise  time  of  about  lOO^sec.  This  means  that  the  magnetic 


b:  diode  picture 

Figure  6-1;  Racetrack  diode  geometry. 


Magnetic  field  intensity  profile  in  a  racetrack  diode. 


field  penetrated  a  few  millimeters  into  the  cathode.  This  field  penetration  is 
an  undesired  effect  since  it  could  distort  the  magnetic  field  lines.  This  could 
lower  the  stability  of  the  Hall  drifting  electrons  and  create  diode  shorts  when 
lines  happen  to  connect  the  anode  and  cathode.  Moreover,  an  ion  accelerated 
through  this  magnetic  field  will  suffer  a  transverse  deflection  since  its  canonicai 
momentum  is  not  conserved.  Since  we  did  want  to  maintain  a  high  enough 
insulating  field  on  all  cathode  area  we  had  to  use  a  many  turns  coil.  This 
caused  the  higher  inductance  and  slow  rise  time  of  the  field  pulse.  The  coil 
ohmic  resistance  was  chosen  to  get  a  critically  damped  ctirrent  signal  as  can  be 
seen  from  the  current  shape.  This  was  done  by  choosing  the  right  length  and 
diameter  of  the  stainless  steel  rods.  This  coil  structure  was  aimed  to  achieve 
high  mechanical  strength  to  withhold  the  high  magnetic  force  shocks,  emd  at  the 
same  time  get  maximum  total  beam  current  out  of  the  coil  box.  The  APEX  was 
triggered  to  fire  the  high  voltage  pulse  at  peak  magnetic  field  by  a  delay  unit 
in  a  way  described  in  chapter  3.4.2.  The  anode  was  made  of  a  50%  transparent 
stainless  steel  wire  mesh.  The  mesh  had  a  box  shape  and  was  supported  to  the 
insulating  magnetic  field  coil  box  through  a  few  insulators.  It  was  grotmded  to 
the  diode  vacuiim  chamber.  The  distance  between  the  cathode  ^md  the  wire 
mesh  anode  could  be  varied.  This  distance  usually  ranged  between  10mm  2md 
25nun. 

A  few  types  of  cathodes  have  been  tried.  We  first  tried  a  few  passive 
dielectric  cathodes.  These  include  aluminum  cathodes  covered  with  a  thin 
layer  of  insulating  dielectric  material.  We  tried  polyethelene  ,wax  and  a  few 
combinations  of  epoxy  mixed  with  NaBH4  seJt  or  CsBH4  salt.  Cs  is  used  in  many 
low  voltage  discharge  negative  ion  sources  since  it  easily  loses  its  extra  electron 
by  collision  with  other  piu'ticles  which  then  convert  to  negative  ions.  We  then 
tried  a  cathode  made  of  thin  caurbon  brushes.  This  cathode  was  made  actually 
so  that  we  could  coat  the  brushes  with  dielectric  insulators  like  parafine  or 
combinations  of  parafine  with  the  Cs  or  Na  salts.  We  found  out  that  bare  carbon 
brushes  produce  negative  carbon  ions  and  this  possibility  was  also  investigated. 


Since  we  wanted  to  be  able  to  control  plasma  production  in  the  diode  we 
built  an  active  plasma  producing  cathode.  This  cathode  was  described  in  chapter 
4.  The  plasma  was  basically  produced  by  creating  v-acuum  arcs  across  TiH2 
powder.  The  arcs  were  created  by  an  independent  circuit  across  120  points 
on  the  cathode  surface.  We  tried  cathodes  with  varying  arc  current  intensities 
and  different  arc  point  spacings.  We  even  tried  a  cathode  with  arcing  groves 
filled  with  epoxy  instead  of  the  TiH2  powder.  In  some  cases  we  put  a  fine  metal 
screen  in  front  of  the  cathode  to  avoid  high  diode  load  and  electric  field  distortion 
created  by  the  dense  plaisma  ejected  from  the  gun. 

Diode  voltage  was  measured  via  a  capacitive  voltage  divider  described  in 
chapter  3.  The  voltage  was  usually  peaked  around  700  kV  and  diode  current 
ranged  between  15  kA  without  a  pleisma  source  in  the  gap,  eind  up  to  40  kA 
with  a  plasma  source.  X-ray  czunera  pictures  were  tadcen  every  shot,  but  due 
to  the  diode  geometry  the  information  supplied  was  valuable  mainly  in  caises  of 
diode  shorts  where  the  shorting  area  could  be  identified  (see  figure  3-10).  X-ray 
emission  was  measured  with  a  vacuum  photodiode  described  in  chapter  3.  The 
emission  had  usually  a  sharp  peak  timed  about  40  nsec  after  the  high  voltage 
start  (see  figure  3-11).  This  is  about  where  the  voltage  and  current  reach  their 
peak.  The  signal  shape  was  not  sensitive  to  diode  conditions,  emd  we  got  about 
the  same  pulse  shape  for  the  different  cathodes  used. 

6.2  Experiments  with  passive  cathodes 

6.2.1  Polyethelene  cathodes 

Polyethelene  is  most  commonly  used  in  magneticzdly  insulated  diodes  as 
a  pzissive  plasma  source.  The  usuzd  polyethelene  cathode  we  investigated 
was  made  of  a  2mm  thick  polyethelene  sheet  glued  to  an  aluminum  paddle 
shaped  cathode  (see  figure  6-3).  Small  holes  were  drilled  in  the  polyethelene 
10mm  apart.  The  polyethelene  was  sandpapered  and  washed  throughly  with 
isopropanol  before  use. 

Negative  ion  current  was  usually  measured  with  a  Faraday  cup.  The  cup 


was  placed  outside  the  wire  mesh  at  a  distajice  of  about  20  cm  from  the  cathode. 
Pairt  of  the  beam  entering  the  Faraday  cup  is  lost  before  reaching  the  collector 
due  to  its  deflection  by  the  Faraday  cup  magnetic  field  (see  figure  3-6  A), 
Nevertheless  we  should  be  able  to  see  most  of  the  ions  entering  the  Faraday 
cup  with  energy  more  than  100  keV.  The  current  measured  by  the  Faraday  cup 
is  shown  in  figure  6-4  a.  We  get  at  first  a  low  level  current  followed  later  by  a 
leirge  peaik  (and  sometimes  another  later  peak).  The  low  level  current  is  probably 
caused  by  electrons.  Electrons  are  faster  and  appear  first  at  the  Faraday  cup 
collector. These  electrons  are  probably  backscattered  from  the  Faraday  cup  wedls. 
since  this  is  the  only  way  they  could  overcome  the  cup  magnetic  field.  This 
explanation  was  indeed  confirmed  by  making  the  cup  a  little  shorter  ^lnd  putting 
a  25/im  thick  piece  of  mylar  in  front  of  the  cup.  This  made  the  current  at  the 
beginning  of  the  pulse  much  larger,  and  the  later  current  peaks  to  disappear. 
This  is  because  the  mylar  stopped  all  ions  but  did  not  stop  electrons.  This 
current  shape  repeated  itself  in  most  of  the  shots  we  made  with  the  polyethelene 
cathode.  The  current  peak  corresponds  to  a  current  density  of  about  5A/cm^ 
of  negative  ions  emitted  from  the  cathode.  When  we  put  a  2.5  nm  thick  mylar 
in  front  of  the  Faraday  cup  we  got  a  positive  current  signal  with  a  similar  shape 
(see  figure  6-4  b).  This  polarity  change  is  typical  to  H”  ions  and  was  discussed 
in  chapters  2.2.2  and  3.5.1.  The  fact  that  we  get  the  same  pulse  shape  with  a 
thin  myl2u:  means  that  most  of  the  ions  created  are  H~  ions.  These  are  the  only 
ions  able  to  penetrate  this  thickness  of  mylar.  The  time  of  arrival  of  the  H~ 
ions  corresponds  to  H“  ions  with  energy  of  about  250  keV. 

The  ion  pulse  then  lasts  for  about  100  nsec.  This  pulse  has  a  long  timed 
tale  corresponding  to  the  low  energy  ions  created  at  the  end  of  the  high  voltage 
pulse.  First  ion  peak  time  of  flight  corresponds  to  hydrogen  ions  with  an  energy 
of  about  250  kV  (probably  this  is  the  voltage  at  which  the  pl2isma  is  created 
by  explosive  emission).  The  diode  reaches  this  voltage  in  about  lOnsec  due 
to  the  fast  high  voltage  risetime.  It  looks  like  ions  are  then  ejected  from  the 
cathode  plsisma  as  long  as  this  plasma  exists.  The  reversed  polarity  signal  shape 


a;  Without  mylar  on  the  Faraday  cup. 
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b:  With  2.5/im  thick  mylar  on  the  Faraday  cup, 

Fig\ire  6-4:  Current  collected  by  the  Faraday  cup  in  case  of  a  polyethelene 
cathode. 


confirms  that  most  of  the  ions  in  this  case  are  H~  ions.  We  should  expect  an 
ion  current  peaik  at  the  beginning  of  the  pulse  created  by  accumulation  of  ions 
produced  during  the  high  voltage  rise.  It  then  happens  that  low  energy  ions 
created  at  an  eaxly  stage  arrive  at  the  Faraday  cup  at  the  same  time  zis  high 
energy  ions  created  later.  The  first  peak  is  about  four  times  larger  than  the 
average  current  collected  later.  This  could  happen  when  more  ions  are  created 
at  an  early  stage  of  the  pulse.  We  could  expect  this  behaviour  since  residual  gas 
molecules  adsorbed  on  the  cathode  surface  could  be  detached  from  the  surface 
by  electron  bombardment  at  an  the  beginning  of  the  pulse.  The  thin  mylar 
reduces  the  first  peak  relatively  more  than  it  reduces  other  parts  of  the  pulse. 
This  is  probably  because  the  first  ions  arriving  are  low  energy  ion'=  Hydrogen 
ions  with  energy  less  than  250  keV  would  not  penetrate  the  mylar  (see  figure 
3-7). 

Current  reduction  with  mylar  could  be  attributed  to  the  existence  of  carbon 
ions  in  the  beam.  To  check  this  point  we  used  the  magnetic  field  for  ion  maiss 
spectrometry  in  a  similar  way  to  what  was  described  in  chapter  5.  We  calculated 
different  ion  trajectories  and  compared  it  to  the  traces  we  got  on  a  box  with 
a  CR-39  film  at  the  back.  We  used  the  equations  of  motion  5.2  and  5.3.  We 
used  a  minimum  meam  square  deviation  fit  of  a  fourth  order  polynomial  to  get 
a  functionad  form  for  the  magnetic  field  profile  described  in  figme  6-2.  The 
experiment  setup  together  with  cadculated  ion  traces  is  seen  in  figure  6-5.  In 
most  of  the  shots  we  did  not  get  separate  track  areais  for  hydrogen  and  other 
ions.  However,  in  one  of  the  shots  hydrogen  and  other  ion  tracks  were  separated 
on  the  CR-39  pictxire.  The  CR-39  picture  is  seen  in  figure  6-6.  Two  groups  of 
ion  traces  were  identified  by  the  track  size  (meaismed  in  a  microscope).  These 
tracks  correspond  to  hydrogen  ions,  and  heavier  ions,  probable  carbon.  About 
70%  of  the  tracks  were  of  hydrogen  and  the  rest  of  them  were  carbon.  However, 
in  most  of  the  shots  we  ma^le,  carbon  and  hydrogen  traces  overlapped  and  there 
was  no  way  to  distinguish  between  them. 

We  measured  the  ion  beam  uniformity  by  putting  a  piece  of  CR-39  in  front 
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Figure  6-5:  Magnetic  field  ion  mass  spectrometry  experimental  setup. 


Figure  6-6:  CR-39  traces  of  ions  deflected  by  insulating  magnetic  field. 


of  the  wire  mesh.  The  same  method  was  applied  to  the  cylindricailly  symmetric 
diode  and  explained  in  details  in  chapter  5.  The  CR-39  picture  is  seen  in  figure 
6-7.  This  figure  shows  that  ion  trajectories  at  some  axeais  axe  distorted  showing 
the  hot-spot  behaviour  described  in  chapter  5.  A  CR-39  pinhole  camera  picture 
reveals  the  existence  of  these  hot  spots.  Each  spot  had  a  diameter  of  about 
5mm  as  in  the  coaxial  diode  case.  Beam  divergence  measured  was  around  100 
milliradians  in  the  axial  direction.  Beam  divergence  in  the  aizimuthaJ  direction 
is  very  lairge  due  to  ion  deflection  because  of  the  insulating  magnetic  field.  A 
typicad  pinhole  camera  picture  is  seen  in  figure  6-8.  Ion  beam  current  wais 
estimated  by  etch  pit  coimting  to  be  around  5A/cm^. 

We  also  tried  a  polyethelene  cathode  with  small  steel  nauls  put  in  it.  This 
was  just  a  2mm  thick  polyethelene  glued  to  am  aduminum  cathode  with  nails 
put  at  a  distance  of  about  1  cm  from  each  other.  We  made  Faraday  cup 
measurements  together  with  CR-39  pictures  of  this  diode.  It  behaved  in  exactly 
the  same  way  as  the  previous  polyethelene  cathode. 

6.2.2  Carbon  brushes  cathodes 

We  built  the  carbon  brushes  cathode  to  check  the  effect  of  Cs  and  Na  salts 
on  negative  ion  production.  The  idea  was  to  coat  the  brushes  with  these  salts. 
Cs  is  used  in  low  voltage  gas  discharge  negative  ion  sources.  It  was  fotmd  out 
(see  chapter  2.2.3)  that  it  adsorbs  on  the  chamber  walls  and  lowers  the  work 
function.  Ion  impinging  on  those  walls  catch  an  extra  electron  and  become 
negative  ions. 

The  carbon  brushes  cathode  is  seen  in  figure  6-9.  It  is  made  of  a  piece  of 
carbon  in  which  holes  were  drilled  zmd  carbon  fibers  put  in.  A  piece  of  aluminum 
was  attached  with  screws  to  the  back  side  of  the  carbon  and  connected  it  to  the 
high  voltage  shank.  The  salts  we  chose  to  put  on  the  brushes  were  CsBH4 
and  NaBH4.  These  salts  also  contain  four  hydrogen  per  molecule  which,  it  was 
hoped  might  enhance  negative  hydrogen  ion  production.  Ion  beam  diagnostics 
was  made  in  the  usual  way  with  Feu-aday  cup  measurements  amd  CR-39  track 


Figure  6-7;  CR-39  wire  mesh  picture  with  a  polyethelene  cathode. 


Figure  6-9;  Carbon  brushes  cathode. 


detectors. 


A  typical  Faraday  cup  picture  is  seen  in  figure  6-10.  There  is  a  low  current 
at  the  beginning  of  the  pulse  and  then  a  high  narrow  peak  with  a  width  of 
about  25  nsec.  This  peak  reached  about  8-lOA/cm^.  The  ion  current  then  goes 
down  to  about  one  third  of  its  peak  value  with  a  long  tail.  The  negative  ion 
current  pulse  has  a  time  duration  larger  than  the  high  voltage  pulse.  This  means 
that  negative  ions  are  emitted  as  long  ais  there  exists  a  high  voltage  to  extracts 
them  from  the  plasma.  The  ions  accelerated  at  the  end  of  the  high  voltage 
pulse  have  a  lower  energy  and  a  larger  time  of  flight  which  makes  the  current 
signal  broader.  When  we  put  a  2.5fim  thick  mylar  in  front  of  the  Faraday  cup 
the  current  signal  was  very  small  (at  the  same  level  as  the  measured  noise). 
The  interesting  phenomena  was  that  we  got  the  S2une  current  collected  when 
we  changed  the  salts  or  even  when  we  tried  a  cathode  without  any  salts  on  the 
brushes.  We  also  tried  to  put  parafine  on  the  brushes  and  got  the  same  cvirrent 
signal.  We  did  repeat  this  measrirements  a  few  times  with  the  same  results. 

The  conclusion  was  very  obviotis.  It  looked  like  most  of  our  current  ion 
signal  consisted  of  negative  C“  or  heavier  ions.  These  could  be  either  or 
O"  ions.  The  amoimt  of  negative  hydrogen  ions  was  certainly  small.  If  this  was 
really  the  case  then  the  first  high  peak  corresponds  to  C~  ions  with  energy  of 
about  200  keV.  We  can  assume  that  at  this  voltage  plasma  starts  to  be  created 
by  the  high  field  stress.  This  makes  sense  since  it  looks  like  plasma  starts  to 
be  created  on  a  polyethelene  cathode  at  a  voltage  of  about  250  kV.  The  carbon 
brushes  cathode  has  sharper  "edges”  created  by  the  brushes  tips  amd  it  makes 
sense  that  the  breakdown  voltage  is  a  little  lower.  Pinhole  camera  pictures 
showed  a  beam  divergence  of  about  0.3  radiauis.  This  divergence  In  this  case 
divergence  could  be  caused  by  the  fact  that  the  cathode  consists  of  brushes  amd 
not  of  a  flat  smface.  It  could  be  adso  caused  by  tramsverse  fields  created  by  dense 
hot  plasma  spots  on  the  cathode  area. 


Figure  6-10:  Faxaday  cup  signal  from  a  carbon  brushes  cathode. 


6.3  Experiments  with  active  cathodes 

6.3.1  TiH2  cathode  with  low  arc  currents 

The  active  cathode  was  introduced  in  order  to  be  able  to  control  plasma 
production  and  see  its  effect  on  the  amount  of  negative  ions  produced.  We  also 
wanted  to  use  the  cathode  to  simulate  the  effect  of  a  prepulse  plasma  production. 
The  cathode  and  the  driving  circuit  are  described  in  details  in  chapter  4. 

We  started  with  a  regular  120  points  TiH2  cathode  shown  in  figure  4- 
6  a.  The  plasma  gun  circuit  was  operated  under  what  we  defined  as  low- 
current  conditions.  These  conditions  are  described  in  chapter  4.3.  The  current 
through  each  arcing  point  on  the  plasma  gim  surface  was  about  5A  and  its 
pulse  shape  is  shown  in  figure  4-5  b.  Plasma  density  was  measured  under  these 
condition  (without  a  magnetic  field)  with  a  Langmuir  probe  (see  chapter  4-6). 
Plasma  electron  density  was  around  10^^ /cm^.  Plasma  electron  temperature 
was  around  3.3  eV  (see  table  4-1).  The  diode  geometry  is  seen  in  figure  6-11. 
The  plasma  gxm  was  was  placed  in  a  metal  box  with  field  shaping  electrodes 
around.  This  created  a  focusing  electric  field  geometry.  Magnetic  field  lines 
have  a  concave  shape  since  the  cannot  penetrate  the  field  shaping  electrodes  (up 
to  the  skin  depth  of  course).  Since  drifting  electrons  follow  magnetic  field  lines, 
this  geometry  was  also  supposed  to  create  a  concave  plasma  emitting  surface 
with  a  focusing  effect.  In  addition,  since  the  highest  electric  field  stress  was 
on  the  field  shaping  electrodes,  these  electrodes  were  supposed  to  protect  the 
plasma  gun  from  diode  breakdowns. 

The  first  parameter  we  changed  was  the  delay  between  plasma  production 
and  the  diode  high  voltage  pulse.  This  delay  was  measured  with  a  light 
measuring  system  described  in  chapter  4.5.  Ion  current  was  measured  with 
a  Faraday-cup.  We  had  difiicvilties  getting  rid  of  electrons  reaching  the  cup 
collector.  To  solve  this  problem  we  placed  a  thin  film  of  mylar  on  the  Faraday 
cup.  This  film  changed  the  chwge  sign  of  negative  ions,  but  left  the  electron 
sign  imchanged.  The  film  we  used  was  transparent  to  hydrogen  ions  with  energy 


Figure  6-12:  Faraday  cup  current  signal  from  a  low  current  TiH.>  active 
flasiibourd. 


higher  than  250  kV.  Since  we  used  TiHj  powder  in  our  plasma  flashboard  we 
did  not  expect  any  other  negative  ions  einyhow. 

We  stairted  with  a  zero  delay  between  the  plasma  gun  cind  the  high  voltage. 
We  then  gradually  made  the  delay  larger.  Only  at  a  delay  of  about  l^sec  we 
started  to  record  current  signals  on  the  Faraday  cup.  A  typical  Faraday  cup 
current  signal  is  shown  in  figure  6-12.  The  negative  pju^t  of  the  signal  is  due 
to  electrons  and  the  positive  part  due  to  negative  hydrogen  ions.  There  is  a 
minimum  time  of  arrival  difference  between  H~  ions  and  electrons  of  about  20 
nsec.  This  is  based  on  the  assumption  that  the  only  electrons  which  would  make 
it  through  the  magnetic  filter  of  the  cup  have  energy  of  a  few  hundreds  keV. 
Negative  ion  current  has  a  peak  of  about  2A/cm^  and  a  width  of  about  80  n  ec. 
It  looks  like  ions  are  extracted  from  the  cathode  pleisma  as  long  as  the  high 
voltage  exists.  Negative  ions  were  recorded  for  delay  times  ranging  between 
l.l^sec  to  5.5^sec  which  was  the  largest  delay  we  tried  in  this  case.  Typical 
diode  voltage  current  traces  under  these  conditions  are  see  in  figure  6-13  a. 

Ion  current  density  as  a  function  of  delay  is  shown  in  figure  6-14.  The  ion 
current  is  maximal  for  delay  times  of  1-2/isec  and  then  goes  down  gradually. 
This  could  be  caused  by  the  fact  that  diode  current  is  larger  and  the  extracting 
voltage  is  lower  due  probably  to  plasma  diffusion  into  the  high  voltage  gap. 
The  fact  that  we  do  not  measure  ions  for  the  first  1  /xsec  could  be  explained  by 
the  fact  that  the  flashboard  is  recessed  inside  the  field  shaping  electrons.  The 
plasma  created  is  confined  by  the  magnetic  field  (this  fact  was  confirmed  by  the 
Langmtiir  probe  measiirements  described  in  chapter  4)  and  it  probably  takes 
about  1  fisec  till  some  of  it  diffuses  along  the  magnetic  field  lines  into  higher 
electric  stress  area. 

Beam  divergence  was  measured  with  CR-39  box  for  a  delay  of  1.5/isec. 
Hot  spots  of  high  ion  emission  were  identified.  This  time  the  spots  probably 
correspond  to  arcing  points  on  the  flashboard  surface.  Beam  divergence  was 
about  100  milliradiains  in  the  ajdal  direction. 
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a:  Low  current  conditions,  deiay=1.7^sec. 


b:  High  current  conditions,  delay  =1.7;isec. 


c:  High  current  conditions  with  a  fine  mesh,  delay=1.9/isec. 
Figure  6-13:  Voltage-current  traces  of  a  TiH2  active  cathode. 
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Figure  6-14:  Faraday  cup  ion  current  as  a  function  of  delay  for  low  current 
flashboard  conditions. 
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6.3.2:  TiHs  cathodes  with  high  arc  currents 


The  next  thing  we  did  was  to  check  the  flashboard  under  what  we  defined 
in  chapter  4  8is  the  high  current  conditions.  The  diode  geometry  is  the  same  as 
in  figure  6-10  with  exactly  the  same  TiHa  fiashboard.  Under  these  condition  the 
plasma  density  as  measured  with  a  Langmuir  probe  wm  around  1.3  x  10^^/cm^ 
with  an  electron  temperature  of  1.6  eV  (see  table  4-1).  Under  these  conditions 
we  got  a  very  small  negative  ion  current  (compzu'able  to  the  Fziraday  cup  noise) 
and  a  higher  diode  current.  The  voltage  was  aroimd  600  kV  with  a  current  of 
about  35  kA.  When  we  took  a  CR-39  wire  mesh  picture  we  got  traces  of  a  very 
inhomogeneous  beam  (see  figure  6-15).  On  the  CR-39  are  damage  traces  of 
electrons  and  a  smsJl  number  of  ion  traces.  At  the  areas  damaged  by  electrons 
there  are  no  ions  at  all.  This  CR-39  picture  is  caused  by  a  very  inhomogeneous 
electric  field  in  the  diode  gap.  The  electron  damage  means  that  at  some  areas 
of  the  diode  the  magnetic  insulation  did  not  work.  At  these  areas  negative  ions 
were  not  extracted  from  the  cathode  plasma  probable  because  of  the  high  space 
charge  of  the  extracted  electrons.  Without  magnetic  insulation  the  extracted  ion 
ctirrent  behaves  according  to  the  Child-Langmuir  law.  Since  the  electron  mziss  is 
much  smaller  the  extracted  current  is  then  dominated  by  electrons.  The  failure 
of  the  magnetic  insulation  at  some  diode  areas  could  be  caused  by  the  dense 
plzisma  injected  into  the  gap.  This  plasma  could  cause  transverse  electric  fields 
in  the  gap  with  higher  field  stress  that  could  cause  higher  extracted  currents  at 
some  areas. 

In  order  to  lower  the  amount  of  plasma  injected  into  the  gap  we  put  a  fine 
wire  mesh  screen  in  front  of  the  plasma  gun.  The  screen  was  made  of  a  0.2mm 
sheath  of  stainless  steel  with  a  transparency  of  about  30%.  We  did  not  meMme 
any  ions  for  delay  times  less  than  0.7/isec.  The  ion  current  density  reached 
0.5A/cm^  for  delay  times  between  2-3^sec.  The  current  density  then  decreased 
graduaJly.  We  measured  ion  beam  axial  divergence  with  a  CR-39  box.  Beam 
divergence  was  about  10  milliradians  for  a  delay  of  1.0/xsec.  With  a  delay  of 


ion  tracks 


Figure  6-15:  CR-39  beam  divergence  with  high  current  conditions 


2.0H  we  got  an  axizd  divergence  of  60  milliradians  (see  figure  6-16).  CR-39  wire 
mesh  pictxires  revealed  a  very  homogeneous  plasma. 

6.3.3:  Other  active  cathodes 

The  plasma  in  our  gim  is  produced  through  creating  arcs  across  groves  on 
the  dashboard.  We  usually  worked  with  TiH2  filled  groves.  The  next  step  was 
to  try  filling  the  groves  with  other  materizds.  We  tried  first  to  fill  it  with  epoxy. 
Since  the  epoxy  glue  is  a  good  insulator  we  mixed  it  with  Ni  powder  before  it 
cured.  We  tried  this  dashboard  under  high  and  low  current  conditions.  Current 
density  was  about  20%  lower  than  the  TiHa  case.  This  current  was  diflBicult  to 
measure  since  we  did  want  to  measure  carbon  ions  smd  we  cotild  not  use  the 
thin  mylar  Faraday-cup  combination.  We  had  to  measure  the  current  with  the 
Faraday  using  a  much  longer  magnetic  insulated  cup.  This  fewrt  was  taken  into 
accoimt  in  correcting  the  ion  current  measured.  Beam  divergence  was  the  same 
as  in  the  TiH2  case. 

The  next  thing  we  did  was  to  spray  this  epoxy  dashboard  with  AERODAG. 
This  is  just  a  dne  carbon  particles  spray  with  a  binder.  The  carbon  layer  was 
thin  emd  would  probably  evaporate  when  passing  a  high  cxirrent  through  it.  This 
was  checked  by  firing  the  cathode.  The  fact  that  we  got  light  from  all  grove  sites 
means  that  em  arc  was  created  and  some  material  was  evaporated  by  this  arc. 
The  current  density  was  about  30%  lower  than  with  the  TiH2  case,  emd  the 
beam  divergence  was  the  same. 

In  order  to  try  and  simxilate  the  pre-r>'ilse  effect  we  did  the  following 
experiment.  We  put  a  thin  layer  of  polyei.  tflene  on  the  dashboard  stainless 
steel  screen  (see  figure  6-17).  This  polyethelene  layer  was  drilled  with  a  few 
himdred  holes  in  it.  Without  firing  the  dashboard  this  cathode  looks  and  should 
behave  the  same  as  a  passive  polyethelene  cathode.  The  idea  was  to  use  it  first 
aa  a  pzissive  cathode,  without  firing  the  fieishboard,  and  measure  the  negative 
ion  current.  Then  we  intended  to  create  a  prepulse  plasma  with  the  dashboard 
and  see  how  it  affects  the  negative  ion  current.  We  tried  the  plasma  g\m  only 


beam  divergence^lO  milliradians 


a;  Delay=  1.1/isec. 


Figure  6-16;  Beam  divergence  for  diggerent  delay  times  (high  current  gun 
+  screen). 


Figure  6-17:  Active  cathode  with  a  polyethelene  layer  to  simulate  the 
prepulse  effect. 


under  the  low  current  conditions  since  under  the  high  current  condition  the 
plasma  gun  polyethelene  combination  would  load  the  diode  and  short  it.  The 
results  were  quite  disappointing.  With  the  prepulse  we  did  get  ein  ion  current 
higher  by  about  20%,  but  the  plasma  was  inhomogeneous  showing  the  hot  spot 
phenomena  in  both  cases.  The  effect  of  this  prepulsed  plasma  was  checked  up 
to  delay  times  of  10/isec.  In  the  Lebedev  experiment  this  delay  was  about  300 
nsec.  The  minimum  delay  we  could  reach  is  about  700  nsec  which  is  the  time  it 
takes  the  plasma  to  move  from  the  flashboard  and  reach  the  polyethelene  layer. 
The  effect  of  the  prepulsed  plasma  in  this  case  was  small. 

6.4:  Summary 

A  few  conclusions  can  be  drawn  from  the  experiments  described  in  this 
chapter: 

•  When  we  used  a  passive  polyethelene  cathode  we  got  a  negative  ion  current 
density  of  about  5A/cm^.  This  current  consists  of  about  70%  H“  ions 
and  30%  heavier  ions,  probably  C~  and  C^.  Negative  ions  were  extracted 
from  the  cathode  plasma  all  along  the  high  voltage  pulse  duration.  Beam 
divergence  was  about  100  milliradians  in  the  eixial  direction.  Negative  ions 
were  emitted  mainly  from  a  few  small  area  hot  spots  on  the  cathode  surface. 

•  When  we  used  a  carbon  brushes  cathode  we  got  a  beam  of  8-lOA/cm^ 
which  consisted  mainly  of  ions  heavier  than  hydrogen,  probably  carbon. 
Beam  divergence  was  about  0.3  radians  in  the  axial  direction.  The  large 
divergence  might  be  caused  by  the  fact  that  the  cathode  surface  consisted 
of  localized  carbon  brush  fiber  tips.  Ion  current  was  not  affected  much  by 
putting  Cs  and  Na  salts  on  the  brushes.  It  was  also  not  affected  by  coating 
the  brushes  with  a  thin  layer  of  parafine. 

•  An  active  plasma  gim  was  used  to  create  plasma  in  the  high  voltage  gap 
before  firing  the  APEX.  Under  low  zurc  flashboard  current  cathode  ion 
current  was  about  2A/cm^  and  had  a  divergence  of  about  100  milliradians. 
Ion  current  was  not  measured  for  delay  times  of  less  than  1/isec.  The  current 


cathode  material 

current  density 

divergence 

(A/cm^) 

(radians) 

C2H2 

5 

100 

carbon  brushes 

8-10 

300 

active  TiH2 

2 

100 

(low  current) 

active  TiH2 

0.5 

10 

(fine  screen) 

composition 


70%  H  ;30%  heavier 


Table  6—1:  summary  of  results  with  racetrack  diode  configuration. 


had  a  maximum  for  delay  times  between  2-3/isec.  When  we  tried  to  use  the 
gun  under  high  flashboajd  current  conditions  we  got  a  very  high  diode  load 
with  a  very  small  ion  current.  When  we  put  a  fine  metal  screen  in  front  of 
the  gun  we  got  a  beam  divergence  of  10  milliradians  with  a  current  density 
of  0.5A/cm^.  Beam  divergence  was  a  function  of  delay  time  and  became 
lairger  for  larger  delay  times. 

•  Filling  the  plasma  gun  groves  with  epoxy  or  spraying  the  groves  with  a 
carbon  paint  gave  about  the  same  current  density  and  beam  divergence. 
The  results  obtained  with  the  racetrack  diode  prove  first  of  all  the  similsirity 
between  plzisma  created  by  explosive  emission  processes  and  plasma  created  by 
our  arcing  plasma  gun.  In  both  cases  negative  ions  were  emitted  from  hot  spot 
areas  of  dense  plasma.  These  hot  spots  are  probably  areas  on  the  cathode  surface 
where  more  plasma  is  created.  These  areas  distort  the  electric  field  at  the  vicinity 
of  the  cathode  surface.  In  cases  this  plasma  was  not  homogeneous  it  created 
transverse  fields  that  caused  large  beam  divergence  and  even  ruined  the  magnetic 
insulation  causing  high  diode  currents.  The  plasma  grm  was  able  to  simulate 
plasma  creation  by  passive  cathodes.  However,  an  attempt  to  cause  a  drastic 
enhzmcement  of  the  ion  current  density  by  creating  a  prepulsed  plasma  on  a 
passive  polyethelene  cathode  failed.  This  prepulsed  plasma  made  the  ion  current 
Izurger  by  not  more  than  20%.  The  highest  current  densities  were  achieved  with 
caxbon  brushes  cathodes,  probably  because  the  affinity  of  the  negative  carbon 
ion  is  Izirger. 

Another  interesting  phenomena  is  the  fact  that  we  got  a  smaller  amount  of 
negative  ions  when  we  used  the  plasma  g\m  with  high  current  conditions.  Under 
these  conditions  the  plaama  has  a  higher  density.  As  we  shall  see  in  chapter  8, 
negative  ions  cannot  exist  in  a  dense  plasma  since  the  collision  rate  is  higher. 


Chapter  7  EXPERIMENTS  WITH  AN  ANNULAR  DIODE 


7.1  Diode  geometry 

The  annular  diode  geometry  was  a  result  of  the  diode  physics  understanding 
gained  during  the  research  done  on  positive  ion  racetrack  diodes.  The  diode 
provides  a  stable  electron  cloud  confinement  over  microsecond  time  scales  [65]. 

This  stable  magnetic  insulation  is  produced  by  a  radial  magnetic  field.  This 
radial  field  is  supplied  by  two  axiadly  symmetric  coaxial  magnetic  coils  (see  figure 
7-1).  The  anode  consists  of  two  carbon  rings  attached  to  the  coils.  The  cathode 
has  a  ring  shape  with  an  outer  dizuneter  similar  to  that  of  the  bigger  anode 
carbon  ring,  and  an  inner  diameter  similar  to  that  of  the  smaller  anode  ring. 
All  coils  and  electrodes  are  centered  around  the  same  axis.  Ions  are  accelerated 
and  emitted  through  the  annular  empty  space  between  the  two  coils.  A  50% 
transparent  wire  mesh  wais  attached  to  the  anode  carbon  rings  between  the  coils 
to  shape  the  electric  field.  We  used  different  types  of  cathodes.  These  include 
passive  polyethelene  and  carbon  cathodes,  and  active  TiH2  and  carbon  cathodes. 
The  coils  together  with  the  anode  were  attached  to  the  diode  chamber  through 
a  set  of  screws  which  enabled  us  to  change  the  anode-cathode  disteince. 

Electrons  ejected  from  the  cathode  drift  in  ein  azimuthal  direction  creating 
closed  circular  drift  paths.  Since  we  always  have  some  transverse  electric  field 
these  electrons  are  forced  to  drift  along  the  magnetic  field  lines.  An  electron 
layer  is  then  created  next  to  the  cathode.  This  layer  follows  the  magnetic  field 
line  shape  and  acts  aa  a  virtual  cathode.  The  electric  field  near  the  cathode  is 
perpendicular  to  this  layer  amd  is  therefore  shaped  by  the  magnetic  field  lines. 
The  preferred  situation  is  when  magnetic  field  lines  have  a  slightly  focusing 
shape  with  the  focal  axis  parallel  to  the  diode  axis.  The  annular  space  between 
the  coils  is  quite  narrow,  and  any  misalignment  of  the  electric  field  would  cause 
the  beam  to  hit  one  of  the  coils.  This  could  deunage  the  coils.  Another  problem 
appears  in  cases  when  any  magnetic  line  connects  a  high  electric  stress  area  on 


the  cathode  to  a  ground  potential  area  like  the  anode.  Electrons  drifting  along 
magnetic  field  lines  can  cause  diode  closure.  Magnetic  field  coils  design  had 
therefore  to  be  done  very  carefully. 

We  used  the  EFFI  code  to  design  the  magnetic  field  coils.  This  code, 
unfortunately  does  not  take  into  account  the  limited  penetration  of  the  magnetic 
fields  into  the  electrodes.  The  skin  depth  could  reach  a  few  millimeters  with  the 
pulse  risetime  we  used  (see  chapter  3-7  figure  3-6  eind  figure  7-3).  We  used 
image  coils  in  order  to  taJce  into  account  the  conducting  electrodes  effect.  The 
results  of  this  calculation  are  shown  in  figure  7-2.  The  best  coil  ratio  turned  to 
be  with  3  turns  in  the  inner  coil,  and  7  turns  in  the  outer.  This  configuration 
gives  a  symmetric  field  at  the  high  voltage  gap  with  a  slightly  focusing  shape 
near  the  cathode. 

The  coils  were  made  of  0.5mm  copper  stripes  with  two  layers  of  glass  fiber 
cloth  between  the  adjacent  turns.  They  were  vacuum  casted  in  EPON  815 
epoxy  with  a  GENAMIDE  catalyst.  The  two  carbon  rings  used  as  an  anode 
were  electroplated  with  iron  and  soldered  to  copper  stripes  connecting  them  to 
ground.  They  were  then  glued  to  the  coils.  The  inner  and  outer  sides  of  the 
coil  tubing  were  coated  with  a  thin  conducting  layer  of  AERODAG  to  prevent 
insulator  breakdown  by  accumulated  charges. 

We  measured  the  coils  magnetic  field  with  a  small  Hall  probe  and  also  with 
two  search  coils.  The  search  coils  were  about  5mm  long  and  were  connected 
perpendicular  to  each  other  on  a  small  wooden  stick.  The  idea  was  to  measiire 
magnetic  field  direction  at  the  vicinity  of  the  coils.  The  experiment  was  carried 
over  with  the  coils  and  cathode  in  their  final  configuration.  A  typical  search  coil 
current  trace  is  shown  in  figure  7-3.  The  agreement  with  the  results  of  the  EFFI 
code  calctilation  was  good.  The  spatial  resolution  however,  weis  only  about  5mm 
because  of  the  finite  size  of  the  seEu-ch  coils. 

As  we  did  mention,  electron  drift  sdong  magnetic  field  lines.  In  our  case 
most  of  the  electron  leakage  current  drifted  Eilong  the  lines  into  the  empty  space 
inside  the  inner  coil.  We  had  to  put  a  thick  piece  of  CEtfbon  there  to  prevent  this 
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b:  Magnetic  field  lines  with  a  3  txirns  outer  coil,  7  turns  inner  coil  eind 
similar  image  coils. 

Figure  7-2;  EFFI  magnetic  field  calculations. 


¥ 


% 


I 


» 


» 


CaTE  222  0^ 
T  iilE  :0:  :  :  ?5 


i 


Figure  7-3:  Typical  search  coil  current  traces  (traces  2A  and  3A)  and  Hall 
probe  signaJ( trace  lA). 
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coil  from  damage  caused  by  the  high  electron  current.  This  is  seen  in  the  x-ray 
pictures  of  the  diode  (see  figure  7-4).  This  picture  shows  a  nice  round  ring  of 
high  intensity  x-ray  emission  from  the  center  of  the  inner  coil.  We  changed  the 
magnetic  field  capacitor  voltage  to  see  how  the  magnetic  insulation  builds  up. 
At  a  field  of  3  kGauss  we  had  quite  a  good  magnetic  insulation  eis  can  be  seen  in 
figure  7-4.  The  diode  voltage  was  usuzJly  around  700kV  and  the  current  around 
20k A  when  no  cathode  plasma  source  was  present. 

Negative  ion  current  was  measured  mainly  with  two  Faraday  cups  put  in 
between  the  two  magnetic  coils.  Since  most  of  the  electrons  drifted  into  the 
inner  side  of  the  smaller  coil  we  rarely  had  ziny  electron  current  reaching  the 
Faraday  cups.  The  fact  that  both  cups  were  put  in  the  narrow  space  between 
the  coils  also  helped  to  get  a  Faraday  cup  current  signal  free  of  backscattered 
electrons.  This  was  checked  every  few  shots  with  a  25/xm  thick  piece  of  mylar 
which  could  stop  ions  and  not  electrons.  The  Faraday  cups  were  very  short 
with  a  collector  distance  of  about  1cm.  The  small  magnetic  field  between  the 
coils  was  sufficient  to  prevent  secondary  electron  emission  from  the  Faraday  cup 
collector.  This  was  checked  by  biasing  the  collector  with  a  positive  potential  of 
about  40V.  This  bias  did  not  make  any  difference  in  the  current  measured  by 
the  Faraday  cup  collector.  The  measurements  were  usually  done  with  one  of  the 
cups  biased  and  the  other  unbiased.  The  electron  free  Feiraday  cup  ion  current 
signal  is  a  unique  feature  of  the  annular  diode. 

Another  way  by  which  we  checked  the  ion  beam  current  and  divergence 
was  by  a  small  pinhole  caimera  using  a  CR-39  track  detector.  Etch  pit  counting 
gave  us  a  rough  estimate  of  the  number  of  particles  in  the  beaim  and  the  beam 
divergence.  This  also  gave  a  picture  of  the  negative  ion  emission  intensity  of  the 
cathode  stirface.  The  pinhole  camera  was  located  about  10cm  from  the  upper 
top  of  the  beam  annulus.  We  did  try  to  put  the  camera  at  the  center  of  the 
back  flange  of  the  vacuum  system  to  see  with  it  all  the  cathode  area.  But  due 
to  the  chamber  dimensions  and  limited  beam  divergence  we  were  unable  to  get 
reasonable  pictures  with  this  ceimera  configuration. 


a:  magnetic  field=0  kGauss 


b:  magnetic  field  =3.1  kGauss 

Figure  7-4:  Effect  of  magnetic  field  intensity  on  magnetic  insulat 


7.2  Experiments  with  passive  cathodes 

7.2.1  Polyethelene  cathodes 


The  polyethelene  cathode  consisted  of  a  2mm  layer  of  polyethelene  glued 
to  an  cduminum  ring  shaped  piece  (see  figure  7-5).  A  few  hundred  2mm  holes 
were  drilled  in  the  polyethelene  at  distances  of  about  6mm  from  each  other.  The 
distance  between  cathode  and  anode  ranged  between  15mm  to  25mm.  Diode 
current  was  around  30k A.  For  smaller  distances  the  diode  current  was  about 
50-60kA  causing  the  voltage  to  drop  substantialy. 

A  typical  Faraday  cup  signal  is  shown  in  figure  7-6.  The  cup  was  located 
about  5cm  from  the  cathode.  Ion  current  has  a  wide  broad  shape  with  a  width 
of  about  lOOnsec.  It  seems  that  ions  are  emitted  all  along  the  high  voltage  pulse. 
The  Faraday  cup  current  signal  has  about  the  same  width  of  the  machine  voltage 
signal.  Currents  measured  reached  2A/cm^. 

CR-39  pictures  of  the  beam  were  taken  by  placing  the  film  at  the  back  side 
of  the  coil  annulus.  A  typical  picture  is  seen  in  figure  7-7.  Electron  damage  is 
seen  at  the  central  part  of  the  picture.  Ion  current  looks  homogeneous  with  a 
typiczd  ’’turbine”  shape  (see  figure  7-7).  This  shape  is  caused  by  the  fact  that 
ions  emitted  from  the  same  cathode  spot  and  accelerated  by  a  varying  voltage 
have  a  different  azimuthal  Hall  deflection.  We  partiedly  covered  the  CR-39  with 
2.5fim  thick  mylar  film.  This  did  stop  about  50%  of  the  ions.  The  same  film 
had  a  very  small  effect  on  the  Faraday  current,  which  mezins  that  probably  most 
of  the  ions  stopped  by  the  film  were  low  energy  hydrogen  ions. 

Pinhole  camera  pictures  showed  the  same  hot  spot  behavior  of  ion  emission 
discovered  in  the  previous  diode  configurations.  A  typical  picture  is  seen  in 
figure  7-8.  Some  of  the  hot  spot  have  a  ’’tail”  caused  by  the  azimuthaJ  Hall 
deflection  of  the  ions  in  lower  accelerating  voltage.  This  means  that  These  spots 
were  active  during  the  lower  voltage  parts  of  the  pulse.  It  looks  like  these  were 
the  first  spots  created  by  the  rising  high  voltage  field  stress  on  the  cathode. 
The  same  spot  is  then  active  during  the  high  voltage  part  of  the  signal,  and 


Figure  7-5:  Polyethelene  passive  cathode. 


Figure  7-6:  Faraday  cup  current  signal  from  a  polyethelene  cathode. 


Figure  7-7:  CR-39  picture  of  the  ion  beam  with  a  polyethelene  cathode. 


b:  A  typical  picture 

Figure  7-S:  A  typical  pinhole  camera  CR-39  picture  of  a  polyethelene 
cathode. 


it  seems  there  is  no  hot  spots  movement  during  the  pulse.  The  phenomena  of 
hot  spots  ’’moving”  on  the  cathode  surface  is  typical  to  electron  emission  from 
the  cathode  for  low  electron  currents.  When  we  put  a  2.5/im  thick  mylau-  on 
the  CR-39  film  the  hot  spots  tail  disappeared  proving  again  that  this  tail  is 
caused  by  lower  energy  ions.  Beam  divergence  was  about  150  milliradiains  in 
the  a.zimuthal  direction.  Each  hot  spot  had  a  diameter  of  3-5  mm.  Taking  this 
into  account  zmd  counting  the  number  of  ions  emitted  from  each  hot  spot  we 
get  a  current  density  of  about  15A/cm^  from  each  spot.  Since  only  part  of  the 
diode  area  is  covered  with  spots  this  averages  to  the  2A/cm^  current  measured. 
The  inhomogeneous  emission  of  ions  from  cathode  area  is  associated  with  Ein 
inhomogeneous  cathode  plasma.  The  plasma  does  not  expand  uniformly  on  the 
cathode  surface  because  of  the  large  magnetic  field  piesent.  A  transverse  electric 
field  appears  near  the  cathode  surface  and  is  to  be  blamed  for  the  large  bezun 
divergence. 

7.2.2  Carbon  brushes  cathodes 

The  carbon  brushes  cathode  was  made  of  an  aluminum  ring  with  a  few 
himdred  small  brushes  stuck  into  holes  drilled  in  it.  The  average  distance 
between  two  brushes  was  about  10mm.  The  brushes  were  7mm  high  (see  figure 
7-9).  The  distance  between  brushes  edge  and  the  anode  was  about  21mm. 

A  typiceJ  Faraday  cup  current  trace  is  seen  in  figure  7-9.  The  ion  current 
has  the  full  width  of  the  diode  high  voltage  pulse.  When  we  put  2.5^m  thick 
mylar  on  the  Faraday  cup  the  current  signal  disappeared.  Ion  current  measured 
WEIS  about  0.5A/cm^. 

CR-39  pictures  of  the  back  side  of  the  diode  annulus  look  homogeneous. 
Differences  in  beam  intensity  could  not  however  be  measured  because  of  the 
overlap  of  ion  tracks.  When  we  put  2.5^m  thick  mylar  on  the  CR-39  most 
of  the  tracks  disappeared.  This  together  with  the  FEiraday  cup  measurements 
means  that  most  of  the  negative  ions  measured  consisted  of  czurbon  or  heavier 


ions. 


Figure  7-9:  Carbon  brushes  cathode. 


Pinhole  Ccimera  showed  the  regular  hot  spot  pattern.  This  time  we  used 
a  three  holes  camera  to  have  an  estimate  of  the  radial  beam  divergence  (see 
figure  7-10).  This  divergence  was  about  200  milliradians  with  a  170  milliradians 
divergence  in  the  azimuth8d  direction.  Higher  intensity  hot  spots  axe  seen  on  a 
’’background”  of  lower  intensity  spots.  The  spots  follow  a  straight  line  ’’train” 
shape.  It  looks  like  a  hot  spot  was  created  at  one  point.  Electrons  and  ions  from 
the  plasma  created  would  hit  the  cathode  surface  and  initiate  another  spot,  and 
so  on.  Spot  size  on  the  cathode  is  estimated  to  have  a  diameter  of  6mm.  When 
we  covered  one  of  the  holes  with  a  2.5^m  thick  mylar  most  of  the  tracks  of  ions 
going  through  this  hole  disappeared.  It  is  estimated  that  about  90%  of  the  ions 
were  carbon  ions  or  heavier  (like  or  0~). 

7.2.3  Other  passive  cathodes 

The  first  simple  change  we  tried  was  to  coat  the  carbon  brushes  cathode  with 
paraiine.  The  behavior  was  very  similar  to  the  pure  carbon  brushes  cathode. 
Beam  divergence  and  intensity  were  about  the  same.  Ion  current  was  a  few 
hundred  milliamperes/cm^. 

The  second  special  cathode  we  tried  was  made  of  pure  2iluminum.  Ion 
current  was  very  low  (a  few  tenths  of  millieunperes/cm^).  Hot  spots  covered  the 
cathode  only  along  a  narrow  train  like  path  following  the  azimuthal  direction 
having  a  similar  shape  to  the  spot  ’’trtiin”  seen  in  figure  7-10. 

We  the  tried  a  felt  cathode.  This  cathode  was  constructed  of  a  thin  synthetic 
fiber  felt  cloth  glued  to  an  aluminum  ring.  Anode  cathode  distance  was  25mm. 
Ion  current  was  low  (about  0.5A/cm^).  We  changed  the  anode— cathode  distance 
between  12-30mm  with  the  same  results.  Pinhole  ceunera  picture  show  that  only 
a  very  small  Mea  of  the  cathode  surface  (about  5%)  was  covered  with  hot  spots. 
The  number  of  spots  was  small,  each  having  a  diameter  of  about  5mm. 


Figure 


7-10;  Piiiboie  camera  (3  holes)  picture 


7.3  Experiments  with  active  cathodes 

7.3.1  TiH2  cathodes  with  low  arc  currents 

The  active  cathode  had  the  same  basic  design  as  the  cathode  used  in  the 
racetrack  diode  geometry  case.  It  consisted  of  a  120  groves  fl2ishboard  each  filled 
with  TiH2  powder.  The  flashboard  was  described  before  in  figures  4-7  and  4-9. 
The  flashboaxd  was  placed  inside  two  aluminum  rings  used  for  electrical  field 
shaping  (see  figure  7-11).  These  electrodes  also  protect  the  flashboard  from 
breakdowns  inside  the  diode.  We  sometimes  used  longer  metal  rings  to  create  a 
field  free  plasma  expansion  space.  We  also  used  the  rings  sometimes  to  support 
a  fine  metal  screen  put  above  the  flashboard.  This  screen  was  used  to  lower  the 
plasma  density  in  the  gap  and  to  provide  a  flat  extraction  surface.  Negative  ion 
current  was  measured  with  two  Faraday  cups  in  the  same  way  described  above 
in  chapter  7.1.  Flashboard  arc  current  and  plasma  conditions  were  described  in 
chapter  4. 

Faraday  cup  ion  current  signal  show  a  broad  peaked  signal.  This  signal 
has  about  the  same  time  duration  as  the  diode  voltage  pulse  (see  figure  7-12). 
Diode  currents  were  around  20kA  for  flashboaxd  delay  times  of  2-4^sec.  A  plot 
of  the  mcEisured  ion  current  as  a  function  of  the  delay  is  seen  in  figure  7-13  The 
current  hzis  a  peak  value  of  about  6A/cm^  for  delay  times  between  1-2/isec  eind 
goes  down  slowly  as  the  delay  becomes  larger.  No  ions  were  measured  for  delay 
times  smaller  than  0.5/isec. 

Pinhole  camera  pictures  show  that  most  of  the  cathode  area  was  covered 
with  hot  spots  (see  figure  7-14).  Beam  divergence  in  the  azimuthal  direction 
is  about  150  milliradians.  Each  hot  spot  had  a  diameter  of  about  7mm.  Ion 
emission  intensity  from  each  spot  was  estimated  to  be  about  30A/cm^. 

We  tried  a  few  more  configurations  with  this  plasma  gun.  First  we  tried 
the  diode  with  longer  field  shaping  electrodes.  Instead  of  electrodes  with  1cm 
hight  abovf'  the  flashboard  surface,  we  used  3.5cm  long  electrodes.  This  made 
the  electric  field  in  the  gun  plasma  expansion  space  much  smaller.  The  results 
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Figure  7-12:  A  typical  ion  current  trace  for  a  low  current  active  cathode 
(with  2.5fim  mylar  on  Faraday  cup). 
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Figure  7-14:  CR-39  pinhole  camera  picture  of  a  low  current  annular  active 
cathode. 


were  disappointing.  Ion  current  was  very  low  eund  could  not  be  measured  with 
a  Faraday  cup.  Diode  current  was  low  (around  15kA).  It  looks  like  that  the 
plasma  density  reaching  the  high  voltage  gap  was  too  low. 

The  second  configuration  we  tried  was  with  a  fine  screen  in  front  of  the 
flashboaxd.  The  screen  was  made  of  stainless  steel  and  had  a  transparency  of 
about  30%.  No  ion  current  was  measured  with  the  Faraday  cups  under  different 
delay  conditions.  Diode  current  was  low,  and  again  it  looks  like  there  is  a  very 
low  density  plasma  in  the  gap. 

7.3.2  TiH2  cathodes  with  high  arc  currents 

This  experiment  had  the  same  diode  geometry  described  in  figure  7-11. 
The  only  difference  was  that  the  plasma  gun  was  operated  under  high  current 
conditions  described  before  in  chapter  4. 

Diode  voltage  was  about  TOOkeV  but  dropped  quickly.  Diode  current  was 
about  50k A.  Negative  ion  current  was  narrower  than  before  and  had  a  width  of 
about  40  nsec  (see  figure  7-15).  The  ion  current  was  a  little  smaller  than  before 
and  reached  values  of  3A/cm^.  The  time  delay  behaviour  was  quite  similar 
to  what  we  saw  in  figure  7-13  with  a  broad  maximum  between  1-2/zsec.  The 
current  dropped  gradually  for  larger  delay  times.  No  ions  were  measured  for 
delay  times  smaller  than  0.5/isec. 

CR-39  pinhole  camera  picttires  show  hot  spots  all  over  the  cathode  area. 
When  delay  time  is  larger  the  ion  emission  becomes  much  more  homogeneous 
(see  figure  7-16).  Beam  divergence  was  about  250  milliradieins  for  delay  times 
of  about  2.5ftsec. 

We  then  put  a  fine  metad  screen  on  the  fleishboaxd.  The  screen  had  a 
transparency  of  about  40%.  Diode  current  was  25kA  and  the  voltage  had  the 
regular  shape  with  a  peak  value  of  700kV.  Ion  current  was  around  2A/cm^. 
Beam  divergence  was  measured  with  a  pinhole  camera  and  was  about  100 
milliradians. 


Figure  7-15:  Typical  ion  current  and  diode  voltage  current  traces  for  zmnular 


7.4  Summary 


the  conclusions  which  can  be  drawn  from  the  experiments  done  on  the 
annular  diode  geometry  are: 

•  Ion  current  Faraday  cup  measurements  were  very  easy  to  perform  because 
most  diode  electrons  drifted  along  magnetic  field  lines  into  the  inner  coil 
space. 

•  Ion  currents  of  2A/cm^  were  extracted  when  we  used  a  passive  polyethelene 
cathode.  The  same  typical  hot  spots  phenomena  seen  in  previous  diodes 
appeared  here.  Besun  divergence  was  eiround  150  milliradians  in  the 
azimuthal  direction.  Some  spots  have  a  low  energy  "tail”.  This  could 
be  explained  by  low  energy  ions  ejected  from  the  spots  during  the  APEX 
pulse  lower  voltage  parts.  Such  ions  cause  a  ’’turbine”  shaped  ion  beam. 

•  With  a  carbon  brushes  cathode  we  got  ion  currents  of  about  0.5A/cm^. 
Beam  divergence  was  about  200  milliradians  in  the  radial  direction  and 
about  150  milliradians  in  the  azimuthal  direction. 

•  Peak  currents  of  6A/cm^  were  measured  when  we  used  a  low  current  TiH2 
cathode.  The  ion  current  signal  was  broad  with  a  width  af  about  90nsec. 
Most  of  the  cathode  area  was  covered  with  ion  emitting  hot  spots.  No  ions 
were  measured  when  we  put  a  fine  metal  screen  in  front  of  the  plasma  gim. 

•  With  high  arcing  current  fiashboard  the  ion  current  was  not  more  them 
3A/cm^.  Diode  load  was  high  and  the  diode  voltage  dropped  quickly.  Ion 
current  had  a  width  of  only  40nsec.  With  a  fine  metal  screen  in  front  of 
the  the  current  voltage  traces  of  the  diode  returned  to  normal,  with  an  ion 
current  of  2A/cm^. 

The  results  obtained  with  the  annular  diode  show  the  same  typical  be¬ 
haviour  found  in  previous  diode  configurations.  Ions  were  emitted  from  hot 
spot  areas  on  the  cathode  surface  all  along  the  high  voltage  pulse  duration.  The 
hot  spot  phenomena  caused  a  large  beam  divergence.  The  situation  was  much 
better  when  we  used  an  active  plasma  gun.  Most  of  the  cathode  area  was  covered 


with  hot  spots,  and  ion  current  intensity  vsdues  reached  were  higher. 


composition 


cathode  material  current  density  divergence 


C2H2 

(A/cm^) 

2 

(radians) 

150 

at  least  50%  H~ 

carbon  brushes 

0.5 

200 

at  most  10%  H~ 

active  TiH2 

6 

150 

(low  current) 

active  TiH2 

3 

250 

(high  current) 

active  TiH2 

2 

100 

(fine  screen) 

Table  7-1:  summary  of  results  with  an  annular  diode  configuration. 
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Chapter  8  NEGATIVE  IONS  PRODUCTION  MODEL 


8.1  Introduction 

In  this  chapter  we  shall  discuss  the  theoretical  eispects  of  negative  ion 
production  in  high  voltage  magnetically  insulated  diodes.  The  voltage  in 
these  diodes  ranges  between  a  few  hundred  volts  and  a  few  megavolts,  with 
currents  of  tenths  kiloamperes.  The  production  of  negative  ions  in  this  type  of 
diodes  is  closely  related  to  the  properties  and  behavior  of  the  cathode  plasma. 
Unfortunately,  most  of  the  work  done  on  plzisma  properties  and  behavior  in 
high  voltage  magnetically  insulated  diodes  was  done  on  the  anode  pleism.  This 
is  because  most  of  the  research  in  ion  beam  production  was  aimed  towards 
producing  positive  ion  beams.  As  we  shall  see  later  the  cathode  plasma  shows 
sometimes  a  similar  behavior  as  the  anode  plasma.  This  applies  for  instance 
to  its  expansion  velocity  in  the  high  insulating  magnetic  field.  The  cathode 
plasma  should  be  confined  by  a  field  of  a  few  kilogauss-but  instead  we  measured 
an  expansion  velocity  of  about  Icm/^sec.  A  similar  behavior  was  found  with 
the  anode  plasma  in  positive  ion  diodes-and  we  shall  discuss  this  later  in  this 
chapter.  On  the  other  hand  we  have  found  some  plzisma  properties  typical  to 
low  voltage  discharge  cathode  plasma.  This  applies  for  instance  to  the  hot  spot 
phenomena.  In  low  voltage  discharge,  electron  emission  is  confined  to  a  few  hot 
spots  on  the  cathode  area.  A  similar  behavior  weis  found  in  some  high  voltage 
diodes  [60,68].  We  foimd  a  similar  behaviour  for  negative  ion  emission. 

We  shjdl  start  the  chapter  with  a  discussion  of  the  conditions  under  which 
negative  ions  can  exist  in  a  plasma.  We  shall  then  go  into  the  cathode  plasma 
properties  md  how  negative  ions  could  be  produced  in  the  diode.  We  will  discuss 
how  negative  ions  are  extracted  from  the  plasma,  despite  the  high  electron 
negative  space  charge  in  the  high  voltage  gap.  At  the  end  of  the  chapter  we 
shall  review  the  results  we  got  from  different  diode  configurations. 


8.2  Existence  of  negative  ions  in  a  cathode  plasma 


In  this  chapter  we  shall  discuss  the  various  conditions  under  which  negative 
ions  can  exist  in  a  plasma  under  thermal  equilibrium  conditions.  This  is  not 
the  ccLse  in  our  experiment,  but  this  discussion  can  throw  light  on  the  optimal 
conditions  for  negative  ion  production. 

There  are  mzmy  unanswered  questions  about  the  mechanism  of  how  negative 
ions  axe  extracted  from  a  cathode  plasma  producing  current  densities  of  a  few 
ampers/cm^.  Such  high  current  densities  could  not  be  extracted  if  the  cathode 
plasma  would  be  under  thermal  equilibrium  conditions.  The  relative  numbers 
of  ions  existing  then  in  a  plasma  could  be  calculated  from  the  Saha  equation: 

—  2.4  X  (8.1) 

n„  Tii 

Where  rii  zind  n„  are  the  densities  (per  m^)  of  ionized  atoms  and  neutrals 
respectively,  T  is  the  plasma  temperature  in  °K,  k  is  Boltzman’s  constant  and 
Ui  is  the  ionization  energy  of  the  gas.  The  ’’extra”  at  the  right  side  of  the 
equation  just  reflects  the  fact  that  recombination  rate  is  proportioned  to  the 
electron  density,  which  can  be  taken  to  be  equal  to  n,.  Suppose  we  take  a  pure 
hydrogen  pleisma  composed  of  electrons,  positive  and  negative  ions,  and  neutrals. 
Let  us  further  assume  that  the  pleisma  temperature  is  T  w  3eV  and  the  ion 
density  n,-  ss  10^®/cm^.  We  shall  see  later  that  these  axe  the  numbers  usually 
measured  in  the  cathode  plasma  of  a  magneticedly  insulated  diode.  Putting 
these  numbers  in  the  Saha  equation  we  get  a  neutral  density  of  about  10*^/cm^. 
The  negative  ion  affinity  is  only  0.7eV  which  is  small  compared  to  17,  which  is 
13.6eV  in  our  case.  Negative  ion  density  is  therefore  very  close  to  the  neutral 
density.  Only  about  10“^%  of  the  negative  cheu’ges  in  a  plasma  under  thermal 
equilibrium  conditions  eire  negative  ions.  This  also  justifies  the  fact  that  we 
approximated  the  number  of  electrons  and  positive  ions  to  be  equad. 

The  very  small  affinity  also  meeins  that  negative  ions  camnot  exist  in  a 
plasma  with  density  higher  than  10^^  —  10^® /cm^  [66].  Let  us  consider  the  case 


\ 


where  negative  ions  zu-e  destructed  only  by  electron  collisional  detachment  (see 
figure  2-5).  The  mean  free  path  of  am  H“  ion  produced  in  a  plasma  with  electron 
density  ne  is: 

A«„  =  — ^  (8.2) 

(Tenne 

For  a  plzisma  having  an  electron  temperature  of  3eV  amd  a  density  of  10^^/cm^ 
the  mean  free  path  of  am  H~  ion  is  about  0.2mm.  If  the  negative  ions  have 
the  same  temperature  they  will  cross  this  distance  in  about  5nsec.  This  means 
that  within  a  time  scale  of  a  few  tenths  of  nanoseconds  negative  ions  could 
not  exist  in  a  plasma  with  this  density.  For  a  plaisma  density  of  10^®/cm^  the 
mean  free  path  is  about  1/i.  in  fact,  for  higher  density  the  meam  free  path  is 
about  100  times  shorter  [67].  In  this  calculation  we  ignored  other  negative  ion 
destruction  mechanisms.  We  also  ignored  negative  ion  production,  since  it  is 
very  much  dependent  on  the  amount  of  vibrationally  excited  molecules  in  the 
plasma.  We  shall  go  through  a  more  detailed  calculation  later  in  this  chapter, 
but  it  is  quite  clear  that  plasma  density  at  which  we  can  expect  a  reaisonable 
number  of  negative  ions  to  exist  ranges  at  most  between  10^^  —  10*®/cm®. 

Cathode  plasma  measurements  were  done  by  the  Stmdia  group  in  a  mag¬ 
netically  insulated  transmission  line  using  visible  spectroscopy  [31  —  35).  The 
plasma  sheath  extended  0.2cm  from  the  cathode  surface.  It  had  a  density  of 
10^®  —  10*®/cm^  with  a  monotonically  increasing  density  gradient  from  the  edge 
of  the  cathode  surface  of  10^^  —  10*®/cm'‘.  Cathode  plaisma  density  was  also 
measured  by  Hinshelwood  using  interferometric  methods  [60,68].  The  density 
was  about  2  x  10*® /cm^.  Most  negative  ions  formed  in  the  high  density  part 
of  the  plasma  near  the  cathode  surface  will  therefore  be  destroyed  before  being 
able  to  be  extracted.  Only  negative  H”  ions  produced  in  the  lower  density  parts 
of  the  expanding  plasma  will  be  able  to  leave  the  plasma  and  be  extracted  by 
the  applied  electric  field. 

The  maximum  current  density  which  cam  be  extracted  from  the  surface  of 


a  uniform  pleisma  in  thermal  equilibrium  is  given  by  [66]: 

j-  =  en-{kT- (8.3) 

where  T-  is  the  negative-ion  temperature.  If  we  assume  that  this  temperature 
is  about  leV  the  maximum  current  density  of  H~  ions  extracted  from  a  region 
of  the  plasma  where  the  density  is  10^^ /cm^,  as  given  by  the  above  equation  is 
about  6A/cm^.  For  plasma  densities  much  lower  than  10^^/cm^,  the  negative 
ion  current  would  be  too  small.  But  even  if  we  have  the  plaisma  at  the  right 
temperature  and  density  conditions  we  might  get  a  very  low  negative  ion  current 
due  to  the  Child-Langmuir  limit  discussed  before.  For  am  applied  voltage  of 
IMV  and  diode  gap  of  1cm  this  limit  is  about  55A/cm^  for  a  pure  hydrogen  ion 
plaisma.  It  is  smaller  if  we  have  other  ion  species  in  the  plasma,  or  if  we  have  am 
electron  negative  space  charge  in  the  gap  as  is  the  caise  here. 

Let  us  summarize  the  discussion  of  this  chapter.  We  saw  that  the  best 
conditions  for  negative  ion  existence  in  am  equilibrium  plasma  are  when  plasma 
density  is  around  10^^  —  10**/cm^  if  the  ion  temperature  is  a  few  eV.  The 
maximum  current  could  then  range  around  a  few  A/cm^  to  a  few  tenths  of 
A/cm^ 

8.3  Creation  of  negative  ions  in  a  cathode  plasma 

We  shall  now  propose  a  model  for  negative  ion  production  in  the  cathode 
plaisma.  We  saw  in  chapter  2  that  the  largest  cross  section  for  negative  ion 
production  by  is  electron  attachment  to  a  highly  vibrationaJly  excited  molecule. 
So  the  best  way  to  get  negative  ions  is  to  have  am  airea  where  we  have  a  laurge 
amount  of  vibrationally  excited  molecules  and  electrons  with  energies  of  about 
3eV.  We  saw  in  chapter  8.2  that  xmder  thermal  equilibrium  conditions  we  have 
a  very  small  number  of  neutrals  in  a  high  density  plasma  with  a  temperature 
of  a  few  eV.  Actually,  neutral  numbers  of  about  10^®  have  been  measured 
in  a  cathode  plaisma  of  a  magnetically  insulated  diode  [60,68].  What  we 
propose,  is  that  some  of  these  neutrals  axe  in  a  moleculair  state  (which  could  be 


is  due  an  expansion  of  hot  neutrals.  These  hot  neutrals  axe  created,  through 
multiple  charge  exchange  processes,  by  ions  emitted  from  the  anode  surface. 
The  hot  neutrals  expand  rapidly  into  the  diode  gap  and  create  a  layer  which 
is  subsequently  ionized  by  energetic  ions  and  am  electron  avalamche.  A  similar 
model  hats  been  suggested  by  Prono  et.  al.  [70].  In  addition  to  the  hot  neutrads. 
a  cold  neutral  layer  vras  observed  to  exist  neair  the  anode  surface.  The  expected 
number  of  particles  in  this  layer  was  N  «  10^®  —  10^^/cm^,  and  the  neutral 
temperature  was  about  leV.  In  a  later  paper  it  wais  suggested  that  plasma 
expansion  velocity  was  due  to  a  lower  hybrid  drift  instability  caused  by  a  large 
plasma  pressure  gradient  [80].  This  pressure  is  believed  to  be  caused  by  the  high 
ion  temperature. 

In  experiments  done  on  anode  ([70  —  75])  or  cathode  pleisma  [68,69],  a 
high  expansion  velocity  was  observed  despite  the  existence  of  the  insulating 
magnetic  field.  In  both  cases  a  large  number  of  neutrals  was  ejected  from 
the  dielectric  surface  into  the  gap.  This  pau-ticle  flow  from  the  metail  surface 
goes  on  during  and  after  the  high  voltage  pulse.  The  mechanism  of  particle 
release  from  the  dielectric  surface  are  not  well  understood  [71].  Particles  can  be 
released  from  the  surface  due  to  bombardment  by  plasma  particles.  Impact  of 
plaisma  electrons  of  a  few  electron-volts  may  desorb  neutrals  from  the  surface 
with  a  yield  of  about  unity  [78].  These  neutrals,  however,  will  have  a  very  low 
energy.  The  more  energetic  neutrals  axe  probably  produced  by  multiple  charge 
exchzmge.  As  a  matter  of  fact,  most  particles  releeised  in  general  from  a  surface 
by  electron  impact  are  neutrals  [76].  Relative  abundeince  meeisurements  found 
in  some  cases  that  only  a  few  percent  of  the  particles  were  ions  [77].  In  some 
caises  the  neutrals  were  in  an  electronically  excited  state  (this  was  observed  for 
instcince  for  desorption  of  CO  from  CO/Mo). 

The  cold  neutral  layer  observed  near  the  cathode  surface,  together  with 
the  existence  of  a  drifting  electron  layer  could  create  negative  ions  by  electron 
detachment.  Let  us  eissume  that  part  of  the  neutrads  are  in  a  molecular  state. 
These  molecular  neutrals  could  be  desorbed  from  the  cathode  surface,  or  be 


created  later  by  recombination  processes  of  ionized  material  ejected  from  the 
cathode.  Neutral  molecules  existing  at  the  lower  density  part  of  the  plasma, 
close  to  the  negative  drifting  electron  layer  could  be  vibrationaJly  excited  and 
then  create  a  negative  ion  by  colliding  with  an  electron  in  the  negative  charge 
layer.  As  we  mentioned,  the  existence  of  a  cathode  plasma  gradient  layer  was 
found  in  measurements  done  on  a  cathode  plasma  of  a  transmission  line  [31  —  35]. 
The  cross  section  for  a  negative  ion  creation  by  dissociative  attachment  of  a 
hydrogen  molecule  has  a  maximum  at  electron  energies  of  a  few  eV.  These 
energies  were  indeed  measured  in  high  voltage  diode  plasmas.  Anode  plasma 
electron  temperature  measurements  in  a  racetrack  diode  gave  numbers  ranging 
eiround  7eV  [74].  This  plasma  was  also  created  by  a  surface  flashover  on  a 
dielectric  surface,  as  in  our  case.  Cathode  electron  temperature  wais  measured 
in  a  cathode  plasma  of  a  delay  line  and  the  numbers  range  around  2eV  [31  —  35]. 
The  cold  neutral  layer  had  a  temperature  of  about  leV  amd  a  density  of  about 
10^®/cm^  [71].  Under  these  conditions  of  a  cold  neutral  layer  together  with 
electrons  at  the  right  temperature,  we  could  get  negative  ions.  We  have  to 
remember  that  a  current  of  about  lA/cm^  would  be  created  over  a  pulse  of 
50nsec  duration  by  10^^  —  10^^  negative  ions.  If  we  really  have  a  neutred  density 
of  about  10‘®/cm^  then  it  is  possible  to  have  a  negative  ion  density  in  the 
10^^  —  10^^ /cm^  range.  Negative  ions  could  be  destructed  by  colliding  with 
electrons  or  heavier  particles.  We  shall  expl^lin  now  why  we  think  that  this 
destruction  processes  have  a  low  effect  in  our  case. 

The  high  voltage  electric  field  penetrates  the  negative  charge  layer.  Mea¬ 
surements  done  by  Maron  et.  al.  [69]  showed  that  the  electric  field  vanishes 
only  at  the  cathode  pleisma.  At  the  negative  electron  layer  it  just  goes  down 
slowly.  This  wais  zdso  reveaded  by  putting  a  \-ane  on  the  anode.  The  vane  edge 
created  a  negative  drifting  electron  layer  located  at  the  same  distance  from  the 
cathode  as  the  edge.  The  electric  field  was  then  measured,  and  it  was  found  that 
it  dropped  to  zero  only  at  the  cathode  pleisma  edge.  Any  negative  ion  created 
at  the  low  density  area  near  the  negative  charge  layer,  will  be  extracted  into  the 


high  voltage  gap.  This  is  because  these  ions  axe  less  affected  by  the  insulating 
magnetic  field.  Negative  ion  destruction  processes  axe  therefore  of  low  impor¬ 
tance,  since  negative  ions  axe  extracted  immediately.  It  looks  therefore,  that  the 
conditions  at  the  boundaxy  axea  between  the  cathode  plasma  and  the  negative 
sheath  layer  are  most  important  for  negative  ion  production.  The  production 
mechzmism  we  proposed  is  based  on  a  very  limited  experimental  data  regard¬ 
ing  the  electric  field,  neutral  density  and  cathode  plzisma  measurements.  It  hats 
to  be  then  treated  very  cautiously.  We  do  however  believe  that  it  is  the  most 
reaisonable  one. 

8.4  Extraction  of  negative  from  the  cathode  plasma 

Electrons  ejected  from  the  cathode  plasma  create  a  negative  space  charge 
in  the  high  voltage  gap  of  magnetically  insulated  diodes  [69].  This  space  charge 
is  responsible  for  the  fact  that  positive  ion  currents,  fax  above  the  Child- 
Langmuir  limit  have  been  extracted  from  these  diodes.  It  is  the  same  space 
charge  which  could  prevent  negative  ions  from  being  extracted  from  the  cathode 
plasma.  Once  this  electron  layer  is  created  it  acts  like  a  ’’virtual”  cathode 
causing  the  extracting  field  on  the  plasma  to  be  much  smaller.  As  we  did  see 
in  chapter  8.2,  negative  ions  exist  in  this  plasma  probably  only  at  the  lower 
density  front  part  of  it.  This  is  the  axea  close  to  the  electron  sheath.  This 
axea  is  probably  the  most  important  in  regards  to  negative  ion  production  and 
extraction.  The  experimental  results  axe  not  sufficient  to  support  any  theory 
regarding  this  questions.  We  shall  try  however  to  raise  the  problems  concerned 
with  the  negative  ion  production  and  extraction  in  this  layer. 

The  electrical  field  and  chaxge  distribution  in  a  racetrack  type  magnetically 
insulated  diode  were  mezisured  by  Mau’on  et.  al  [69].  This  was  done  by  observing 
the  Staxk  shift  of  line  emission  from  ions  accelerated  in  the  diode.  The  measured 
electric  field  is  shown  in  figure  8-1.  While  the  electrode  anode-cathode  gap  was 
0.75cm,  it  turned  out  that  the  actual  high  voltage  gap  was  only  about  0.4cm 
long.  The  smallest  measured  value  of  the  electric  field  was  0.4mV/cm  observed 


near  the  cathode  and  anode  plasmas.  The  region  between  these  points  and 
the  electrodes  is  occupied  by  the  cathode  plasma  on  one  side,  and  an  anode 
plasma  on  the  other.  Integration  of  the  measured  electric  fields  over  the  real 
gap  distance  gave  values  very  close  to  the  measured  diode  voltage. Comparison 
of  the  measured  electric  field  with  a  calculated  field  using  a  one  dimensional 
Brillouin-flow  model  (in  which  the  real  gap  was  used)  show  that  an  electron 
cloud  is  spread  all  over  the  high  voltage  gap.  The  electron  cloud  is  not  confined 
to  a  narrow  sheath  near  the  cathode;  rather  it  migrates  towards  the  anode. 

This  large  electron  negative  space  chzu’ge  in  the  high  voltage  gap  can  prevent 
negative  ions  from  being  extracted  from  the  cathode.  Indeed,  if  we  look  at  the 
electrical  field  measurements  (figure  8-1)  we  can  see  that  the  electric  field  has  a 
maximum  at  about  the  middle  of  the  actual  gap  and  then  goes  down  slowly  at 
the  vicinity  of  the  cathode.  It  is  screened  by  the  electron  space  charge.  Talcing 
into  account  the  smaller  field  bn  the  cathode  surface  (figure  8-1)  the  negative  ion 
current  extracted  from  the  cathode  would  be  only  5A/cm^  compared  to  about 
30A/cm^  which  is  the  Child-Langmuir. 

On  the  other  hand,  one  can  see  that  the  actual  gap  is  about  one  half  the 
electrode  gap,  and  the  electric  field  has  a  peak  of  about  three  times  larger 
than  the  field  we  would  get  by  dividing  the  applied  voltage  by  the  electrode 
gap  (this  number  is  about  0.5mV/cm  compeured  to  a  pealc  meeisured  value  of 
1.2mV/cm).  These  field  measurements  were  tedcen  with  a  polyethelene  anode 
flaishboard,  while  in  our  case  we  are  dealing  with  a  cathode  plasma  sources  with 
no  anode  source.  However,  we  always  have  some  residual  gas  molecules  on  the 
anode  which  could  be  knocked  out  of  the  surface  by  fast  electrons  and  create 
an  anode  plasma.  We  did  in  fact  measure  a  small  positive  ion  current  of  a  few 
.A./cm^  (see  chapter  5).  We  can  therefore  eissume  that  the  electric  field  in  our 
case  would  have  the  same  shape.  The  only  difference  could  be  the  extension  of 
the  actual  gap  which  might  be  a  little  larger  because  of  the  lower  density  anode 
plasma  in  our  case.  Taking  the  smaller  actual  gap  and  the  smaller  extracting 
field  we  get  that  the  negative  ion  current  extracted  from  the  diode  is  about  20% 


larger  than  the  Child-Langmuir  mechanical  gap  current  limit. 

8.5  Discussion  of  our  experimental  results 

The  high  intensity  emission  of  electrons  from  a  few  small  areas  on  the 
cathode  surface  is  very  similar  to  what  we  observed  in  regards  to  negative  ion 
emission.  In  all  diode  configurations  checked  by  us  we  saw  that  emission  of 
negative  ions  is  confined  to  a  few  ’’hot-spots”  on  the  cathode  surface.  This 
probably  caused  the  high  beam  divergence  measured.  This  divergence  was 
between  100-300  milliradiEuis  in  most  of  our  measurements,  and  was  about  200 
milliradians  in  the  positive  ion  case  measured  by  Maron  et.  al.  [75].  It  is 
therefore  possible  that  negative  ions  axe  emitted  together  with  electrons  from  a 
few  ”  hot-points”  on  the  diode  surface.  If  indeed  this  emission  is  Child-Lauigmuir 
current  limited,  and  the  electron  current  is  about  IkA,  then  we  should  get 
a  negative  hydrogen  current  about  40  times  smaller,  which  is  about  25A  for 
one  burst.  The  current  we  got  was  estimated  to  be  between  10-25A  from  one 
’’hot  spot”  site,  and  averaged  over  the  cathode  area  it  was  only  a  few  A/cm^. 
Despite  the  similarity  between  the  electron  bursts  and  negative  ions  ’’hot-spots” 
behavior,  there  are  a  few  differences.  We  did  not  see  negative  ion  emission  in 
short  timed  bursts,  flather  we  meeisured  negative  ion  emission  all  along  the  high 
voltage  pulse,  with  quite  a  smooth  shaped  signal.  The  only  exception  was  in 
the  case  of  the  racetrack  diode  where  a  short  time  high  intensity  negative  ion 
signal  was  measured  over  a  background  of  negative  ions  emitted  all  along  the 
high  voltage  pulse  duration. 

When  we  used  active  plasma  guns  we  got  a  much  more  homogeneous  plasma 
with  ’’hot  spots”  spread  evenly  on  the  cathode  surface.  When  we  use  such  a 
plasma  gun-we  do  create  plzisma  at  120  points  spread  evenly  on  the  cathode 
surface.  When  ,  on  the  other  hand,  we  use  a  pzissive  pleisma  gun  we  cannot 
control  where  plasma  is  created  on  the  cathode  surface.  Once  we  have  a  few 
’’hot  spots”  created,  a  negative  electron  space  charge  builds  up  and  lowers  the 
field  on  the  cathode  surface.  That  is  why  we  get  only  a  small  number  of  ’’hot- 


spots”.  The  "hot-spots”  creation  is  a  process  which  depends  on  the  high  voltage 
risetime,  this  was  noticed  also  by  Hinshelwood  [68]  who  mentions  that  the 
cathode  plasma  is  much  more  homogeneous  for  a  fast  risetime  high  voltage 
pulse. 

The  connection  between  our  measurements,  and  measurements  done  on 
positive  ion  diodes  is  not  straight  foreword.  The  mechtinisms  we  suggested  here 
for  creation  and  extraction  of  negative  ions  should  therefore  treated  cautiously. 
More  work  htis  to  be  done,  especially  measurements  of  the  cathode  plasma 
behavior.  This  plasma  is  probably  responsible  for  the  transverse  electrical 
fields  existing  in  magnetically  insulated  diodes,  and  for  the  high  electron  leakage 
current  in  those  diodes.  Such  measurements  would  also  bring  more  knowledge 
to  the  subject  of  negative  ion  creation  in  this  plasma. 


Chapter  9  CONCLUSIONS 


The  work  done  by  us  showed  that  it  is  possible  to  produce  negative  ion 
beams  of  a  few  A/cm^  from  magnetically  insulated  diodes  with  divergence  of  not 
more  than  a  few  tenths  milliradi2ins.  We  were  able  to  produce  beams  of  negative 
hydrogen  ions  as  well  as  negative  carbon  ions,  depending  upon  the  cathode  used. 
During  the  research  we  developed  a  prepulsed  plasma  gun  triggered  by  a  light 
pulse,  which  was  embedded  in  the  cathode  shemk  zuid  was  able  to  withstand  the 
high  voltage  pulse  on  the  cathode.  We  were  able  to  control  the  gun  pareimeters 
as  well  as  plasma  production  time. 

A  few  techniques  were  used  for  the  first  time  for  measuring  negative 
ion  beam  properties.  Negative  ion  beams  were  measured  for  the  first  time 
with  a  Faraday  cup.  We  also  used  the  insulating  magnetic  field  for  ion  mass 
spectrometry.  This  gave  us  much  information  about  the  ion  optics  in  the  diode 
during  the  high  voltage  pulse.  A  computer  code  was  written  to  simulate  ion 
trajectories  and  compare  them  with  the  measured  results. 

The  next  step  in  this  research  area  could  be  directed  towards  negative  ion 
beam  propagation  studies.  The  possibility  of  producing  a  negative  carbon  beam 
looks  attractive.  It  is  very  easy  to  produce  a  clean  ceurbon  cathode,  so  a  pure 
carbon  beai*.i  can  be  produced.  The  problem  with  negative  ion  beams  is  that 
it  is  impossible  to  produce  a  neutralized  beam.  A  beam  of  positive  ions  drags 
electrons  with  it.  This  allows  the  beam  to  propagate  with  lower  divergence 
across  larger  distances,  and  even  across  magnetic  field  lines.  In  order  to  solve 
this  problem  an  idea  used  in  connection  with  electron  beam  propagation  can  be 
used  here.  If  a  relativistic  electron  beam  of  line  density  Nb  is  laimched  on  an 
ionized  channel  with  Nj  electrons  within  the  beam  radius,  the  Ni  electrons  will 
be  expelled  from  the  channel  if  Nb  >  Ni.  If  Ni  >  Nb  the  number  of  electrons 
expelled  will  be  Nb.  The  beam  electrons  then  see  only  the  field  of  the  ions 
which  focus  the  beam  [79].  The  plasma  ions  cam  be  considered  stationary  for 


the  time  of  the  order  of  an  ion  plasma  oscillation  period.  A  similar  process  can 
be  applied  to  study  H“  beam  propagation.  A  plasma  of  density  n  w  10^^  can 
be  placed  in  a  drift  tube  through  which  the  bezim  propagates.  The  plasma  must 
be  excluded  from  the  diode,  which  can  be  done  by  injecting  the  plasma  into  the 
drift  tube  with  a  plasma  gim.  The  H"  beam  would  expel  the  plasma  electrons 
and  be  focused  by  the  corresponding  positive  ions  of  the  plasma.  The  mean  free 
path  for  stripping  the  electrons  from  H~  ions  would  be  A  w  (no-)“^  ss  100m. 
Collisioned  scattering  and  energy  loss  should  ailso  be  negligible  over  distances  of 
up  to  10m.  The  H“  ions  are  not  relativistic  so  that  self-fields  do  not  cancel, 
but  the  self-magnetic  field  is  unimportant  due  to  the  large  mass  of  H“  and  the 
self-electric  field  would  be  neutralized.  The  motion  of  the  plasma  ions  cannot 
be  neglected  but  the  effects  can  be  reduced  by  using  a  plasma  ion  that  is  much 
heavier  than  hydrogen. 
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ABSTRACT 

Conventional  dc  sources  of  H~  are  limited  to  current  densities  of  the  order  of  50 
mA/cm^  for  sources  with  area  larger  than  a  few  cm^.  Early  work  at  UCI  amd  more 
recent  work  at  the  Lebedev  Institute  have  shown  that  pulsed  magnetically  insulated 
ion  diodes  can  produce  current  densities  larger  by  factors  of  the  order  10^  -  10*.  We 
studied  the  production  of  negative  ion  beams  in  the  coaxial,  racetrack  and  annular 
diode  geometries.  The  experiments  showed  that  when  using  a  passive  dielectric 
cathode  negative  ions  are  emitted  mainly  from  a  few  “hot  spots”  located  on  the 
cathode  surface.  Large  beam  divergent  (up  to  300  milliradians)  were  measured 
with  polyethelene  cathodes,  catised  probably  by  transverse  electric  field  in  the  gap 
due  to  the  inhomogeneouty  of  the  cathode  plasma.  We  have  built  a  TiH2  plasma 
gun  which  produced  a  homogeneous  cathode  plasma.  Negative  ions  with  intensities 
of  a  few  A/cm^  and  divergence  of  a  few  tens  milliradians  were  produced  with  this 
gun.  Results  with  different  diode  geometries  are  reported  using  passive  cathodes, 
and  the  active  plasma  gtm.  Beam  mass  spectrometry  showed  that  both  H"  ions 
and  C~  ions  were  produced. 


1.  INTRODUCTION 

Power  losses  in  magnetically  insulated  diodes  led  to  the  suggestion,  that  negative  ions, 
produced  in  the  cathode  plasma  are  responsible  for  these  losses.  Preliminary  experiments 
at  UCI  [1]  showed  negative  ion  ctirrents  of  10'~^  times  the  space  charge  limited  value.  At 
Sandia  National  Labs.,  H~  production  in  magnetically  insulated  transmission  lines  (MITL) 
[2  —  4]  was  observed.  A  group  at  the  Lebedev  institute  in  Moscow  reported  [5  —  9]  a  series 
of  experiments,  in  which  H~  ion  beaxns  with  current  densities  of  200A/cm^  and  energy  of  a 
few  hundred  Kev  were  produced.  They  reported  that  a  high  voltage  prepulse  was  necessary 
to  get  these  high  current  densities.  Independent  efforts  at  at  Ecole  polytechnique  in  France 
[10, 11)  and  at  Tomsk  [12]  had  no  success  in  producing  high  current  densities.  Following  these 
experiments,  the  problem  was  investigated  at  UCI  [13, 14). 
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Figiire  1:  Different  types  of  diodes  used:  (a)Coaxial  diode;  (b)Racetrack  diode; 
(c)Annular  diode. 

2.  EXPERIMENTS  WITH  PASSIVE  CATHODES 
2.1  Experiments  with  a  coaxial  diode 

When  a  piece  of  dielectric  insulator  is  put  on  the  cathode  surface,  plasma  is  produced  by 
“explosive  emission”  caused  by  the  high  electric  field  [15].  The  coaxial  diode,  which  we  tried 
first,  consisted  of  an  inner  cathode  made  of  a  conducting  cylinder  coated  with  a  dielectric 
material  and  an  outer  wire  mesh  anode  (see  Figure  la).  The  diode  was  driven  by  the  UCI 
APEX  pulse  line  of  1  Mv,  70  50  nsec.  A  14  kilogauss  magnetic  field  was  used  for  diode 
insulation.  The  same  magnetic  field  was  used  for  mass-spectrometry  of  the  particles  ejected 
from  the  diode  (Figure  2).  Ions  emerging  through  a  hole,  were  defiected  by  the  insulating 
magnetic  field  and  traced  via  a  CR-39  track  detector.  Faraday  cup  measxirements  of  the 
beam  current  were  imsuccessful  due  to  the  beam  divergence  in  the  vertical  direction.  This 
diode  is  very  useful  for  diagnostic  purposes,  but  could  not  be  used  to  produce  an  intense 
beam  because  of  the  beam  spatial  divergence. 

With  a  polyethelene  cathode  beam  intensity  ranged  between  1  —  5 A/ cm?  on  the  cathode 
surface.  The  beam  consisted  of  H~  ions  as  well  as  C~  ions.  Beam  divergence  in  the  azimuthal 
direction  reached  0.3  radians  at  an  energy  of  lOOKeV  and  was  about  70  milliradians  at  an 
energy  of  about  500  KeV.  CR-39  pinhole  pictures  of  the  beam  revealed  the  existence  of  hot 
spots  on  the  cathode  surface.  Negative  ion  emission  from  those  spots  was  higher-with  a  larger 
horizontal  beam  divergence.  The  existence  of  C~  ions  together  with  ions  was  verified  by 
combining  ion  defiection  in  the  magnetic  field  together  with  different  thickness  Mylar  films. 

The  second  cathode  we  tried  consisted  of  bare  aluminum.  Negative  ion  currents  of  about  - 
0.5A/cm^  at  the  cathode  surface  with  a  divergence  of  less  then  40  milliradian  in  the  azimuthal 
direction  were  produced.  Both  H~  ions  and  C~  ions  were  detected.  Beam  mass  spectrometry 
showed  about  10%  H”  ions,  about  45%  C—  ions  and  about  45%  heavier  ions  (probably  Cf ). 


Figure*  2:  Ion  mass  spectrometry  using  the  insulating  magnetic  field  in  the  coaxial  diode 
configxiration. 

The  third  cathode  we  tried  was  made  of  graphite  which  produced  currents  of  1-3  Afcm} 
with  azimuthal  beam  divergence  of  40  milliradians.  The  beam  consisted  of  ions,  a  com¬ 
parable  amount  of  ions  and  about  10%  ~  ions.  No  hot  spots  wre  observed. 

2.2  Experiments  with  a  racetrack  diode 

Various  types  of  cathodes  were  tried  in  the  racetrack  configuration  (Figure  lb).  Polyethe¬ 
lene  covered  cathode  produced  ion  currents  of  SA/ern^.  Negative  ions  were  emitted  all  along 
the  high  voltage  pulse  with  a  larger  amount  produced  at  the  low  energy  part  of  the  pulse 
(Figure  3a).  When  we  put  2.5/im  thick  mylar  film  on  the  Faraday  cup  the  ions  were  stripped 
and  the  Faraday  cup  collected  a  positive  current  (Figure  3  b).  Only  H~  ions  with  energies 
higher  than  200keV  could  penetrate  this  thickness  of  mylar.  The  beam  tisually  consisted  of 
70%  H“  ions  and  30%  carbon  ions.  Hot  spots  with  higher  ion  emission  and  larger  beam 
divergence  were  identified  on  the  cathode’s  surface.  Beam  divergence  was  about  0.1  radians 
in  the  azimuthal  direction. 

Another  type  of  cathode  was  a  paddle  covered  with  carbon  brushes.  The  current  density 
of  the  brush  cathode  reached  8-10  A/crri*.  Beam  divergence  was  about  0.3  radians  in  the 
azimuthal  direction..  The  current  collected  by  the  Faraday  cup  is  shown  in  Figure  3c.  The 
bulk  of  the  current  was  made  of  C~*  ions.  A  small  number  of  H~  ions  (about  0.2A/cm^)  was 
also  measured. 


Figure  3:  Faraday  cup  current:  (a)with  a  polyethelene  cathode;  (b)with  a  polyethelene 
cathode  and  2.5|i  mylar  on  the  cup;  (c)with  a  carbon  brushes  cathode. 

2.3  Experiments  with  an  annular  diode 

Negative  ion  current  in  the  annular  configuration  (Figure  Ic)  was  measured  with  two 
Faraday  cups  placed  between  the  two  magnetic  coils.  With  polyethelene  cathodes  we  got 
ion  densities  of  about  2A/cm^  with  divergence  of  150  milliraditms.  When  we  used  a  carbon 
brushes  cathode  we  got  current  intensities  of  0.5  A/cm^  with  divergence  of  about  200  milli> 
radians.  Negative  ions  were  emitted  mainly  from  a  few  “hot  spots”  on  the  cathode  surface. 

a^XPERIMENTS  WITH  ACTIVE  CATHODES 
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The  work  reported  by  the  Lebedev  group  reported  that  a  prepulse  is  essential  for  getting 
measurable  amounts  of  negative  ions.  Since  in  our  case  the  APEX  prepulse  could  not  be 
controlled  and  the  resvilts  of  the  passive  cathodes  used  showed  that  plasma  production  is 
inhomogeneous  and  of  random  nature,  we  built  an  independent  prepulse  plasma  producing 
gun.  Plasma  creation  time  as  well  as  the  density  can  be  controlled.  The  gun  consists  of  an 
electrical  circuit  embedded  in  the  cathode  shank,  and  a  plasma  producing  dashboard.  The 
circuit  floats  on  the  APEX  high  voltage  producing  an  output  voltage  of  a  few  kilovolts  with 
currents  of  a  few  kiloampers. 

The  plasma  gun  circuit  consists  of  a  high  voltage  part,  triggered  by  an  external  flashtube 
light  signal.  The  high  voltage  is  obtained  by  a  DC  to  DC  converter  which  is  energized  by 
rechargeable  batteries  and  charges  a  capacitor  to  3kV.  The  capacitor  discharges  through  a 
spark  gap  to  the  primary  of  a  transformer  (1:2)  the  secondary  of  which  is  connected  to  the 
dashboard. 

The  dashboard  was  built  from  an  array  of  120  TiHj  dlled  arcing  groves  and  can  be  seen 
in  Figure  4.  The  plasma  gun  was  usuadly  operated  under  two  different  conditions:  under  low 
current  arc  (I  %  500A;C  =  0.25pF),  and  under  high  current  (I  »  3.2kA;C  =  5/iF).  Plasma 
paraimcters  were  measured  in  both  cases  with  a  double  Langmuir  probe.  .Assuming  that 


this  was  a  pure  hydrogen  plasma  one  gets  for  the  low  current  conditions  a  density  of  about 
3  X  with  an  electron  temperature  of  3.2eV,  and  for  the  high  current  conditions 

a  density  of  2  x  10^^/cm^  with  an  electron  temperature  of  1.6eV.  Plasma  gun  timing  was 
measured  with  a  fiber  optics-photomultiplier  system  which  measured  the  visible  light  emitted 
by  the  flashboard  compzu’ed  to  the  machine  high  voltage  pulse  timing. 


Figure  4:  Plasma  g\in  flashboard 

3.2  Experiments  with  a  racetrack  diode 

With  a  low  current  plasma  gun  in  a  racetradc  geometry  ion  current  densities  reached 
were  2i4/cm’.  Maximum  current  densities  were  reached  for  delay  times  (between  plasma  gtm 
and  machine  firing)  of  l-2;i8ec  and  then  decreased  slowly  as  the  delay  became  larger.  Beam 
divergence  was  about  100  milliradians  for  a  delay  of  LO/isec. 

Under  high  flashboard  arc  current  conditions  negative  ion  beam  intensities  were  too  low 
to  be  measured  with  a  Faraday  cup.  The  behavior  is  probably  due  to  the  fact  that  negative 
ions  cannot  exist  in  a  plasma  with  a  too  high  density.  We  then  put  a  30%  transparent  screen 
in  front  of  the  plasma  gun.  Ion  current  density  measured  was  0.5A/cm^.  Beam  divergence  in 
the  azimuthal  direction  was  in  this  case  only  about  10  milliradian  when  delay  was  1.0  fxsec. 
With  a  delay  of  2.5  /isec  the  beam  divergence  grew  up  to  60  milliradisms. 

3.3  Experiments  with  an  annular  diode 

With  a  low  flashboard  gun  current  in  an  annular  diode  geometry  we  got  negative  ion 
current  densities  of  about  6A/cm^  with  a  total  .current  of  »  lOOOA  and  beam  divergence 
of  150  milliradians.  The  results  had  a  good  repeatability.  Under  high  flashboaed  ctirrent 
condition^,  currents  of  about  3A/cm^  and  divergence  of  250  milliradians  were  observed.  With 
a  fine  screen  in  front  of  the  gtm  the  current  dropped  to  about  2A/cm^  with  a  divergence 
of  100  milliradians.  No  ions  were  measured  with  the  Faraday  cup  for  delay  times  smaller 
then  Ifisec.  Maximum  current  intensities  were  reached  for  delay  times  of  l-2/i8ec  and  then 
dropped  slowly. 


The  results  of  measurements  done  on  different  diode  geometries  indicate  that  with  ptissive 
cathodes  negative  ions  are  emitted  from  a  few  hot  spots  on  the  cathode  surface.  Betun 
divergence  in  these  ctises  was  large  due  probably  to  trtinsverse  electric  field  caused  by  the 
inhomogeneous  cathode  plzisma.  The  same  phenomena  wm  observed  in  positive  ion  diodes  in 
regards  to  electron  emission  [16].  This  problem  causes  severe  ion  deflection  and  diode  closure 
in  any  high  voltage  diode.  The  plasma  gun  we  built  works  on  the  high  voltage  electrode 
and  enables  one  to  produce  a  homogeneous  plasma  and  control  it’s  production  time  and 
parameters.  Perhaps  the  most  important  result  we  got  we  the  gun,  is  that  the  experimental 
data  is  quite  reproducible,  unlike  the  case  of  the  passive  cathode. 

Negative  ions  axe  probably  produced  by  neutrals  emitted  from  hot  spots  on  the  cathode 
surface.  These  neutrals  with  collide  with  electrons  in  the  negative  electron  charge  layer.  Since 
the  electric  field  penetrates  this  layer[17]-all  negative  ions  are  extracted  and  accelerated, 
negative  ion  destruction  by  collision  with  other  particles  does  not  occur. 
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ABSTRACT 

Conventional  dc  sources  of  H“  are  limited  to  current  densities  of  the  order  of  50  mA/cm^ 
for  sources  with  area  larger  than  a  few  cin^.  Early  work  at  UCI  and  mote  recent  work  at  tie 
Lebedev  Institute  have  shown  that  pulsed  magnetically  insulated  ion  diodes  can  produce 
current  densities  larger  oy  factors  of  the  order  10^  -  10’.  The  large  current  density  inu 
space  charge  required  considerable  development  of  diagnostics  for  reliable  measurements  at 
current  density;  the  methods  involve  a  biased  Faraday  cup.  Etch  pit  counting  on  CK-3g  film, 
and  nuclear  reactions.  The  diagnostic  development  was  done  mainly  with  a  coaxial  oiode 
nec  lase  most  of  tlie  previous  data,  particularly  from  the  Lebedev  Institute  was  obtained  tar 
tills  diode  design.  Since  this  diode  is  not  suitable  for  app 1  icat ions,  several  other  types 
if  nagnetically  insulated  diodes  have  been  developed  and  studied.  For  example,  the  annular 
and  race-tracx  diodes  are  suitable  for  an  ion  gun. 


High  current  densities  of  H”  ate  obtained  only  when  the  catnode  plasma  is  at  suitable 
density  and  temperature.  In  previous  experiments  the  plasma  was  produced  by  flashover  ot  i 
nielectric  surface  driven  oy  the  pulse  line  prepulse.  The  H“  current  density  was  quite 
sensitive  to  the  magnitude  and  duration  of  the  prepulse.  The  ptepulse  is  a  property  of  the 
machine  design  about  which  there  is  limited  control  in  existing  machines,  ive  therefore 
developed  a  flash-board  plasma  source  that  is  placed  inside  the  cathode  shank  of  the  rtPEX 
generator  and  can  be  controlled  independently  of  tne  pulse  line.  This  paper  will  present 
the  most  recent  results  with  this  plasma  source,  and  comparisons  with  the  previous  prepulse 
resu  1  ts  . 


1^ _ INTRODUCTION 


A  grnit  deal  of  effort  has  been  put  in  the  last  few  years  in  development  of  intense  high 
energy  positive  ion  beams.  Ion-beam  sources  were  built  for  use  in  inertial  confinement 
fusion,  magnetic  confinement  fusion  and  beam  propagation  studies.  Most  of  these  ion  sources 
use  magnetically  insulated  diodes.  In  these  diodes  a  plasma  is  produced  on  the  anode's 
surface  and  ions  are  extracted  and  accelerated  by  a  high  voltage  pulse  to  produce  a  beam. 
Electrons  ate  prevented  from  teaching  the  anode  by  applying  a  magnetic  fielu  in  the  high 
voltage  gap,  thus  creating  what  is  called  a  "magnetic  insulation". 


Power  losses  in  magnetically  insulated  diodes  led  to  the  suggest  ion  ,wh  ich  was  firs 
oy  a  group  at  UCI^,  that  negative  ions  produced  in  the  cathode's  plasma  ate  tesponsio 
these  losses.  Preliminary  experiments  at  UCI^  showed  negative  ion  currents  of  10”^  t 
tae  space  charge  limited  value.  A  detailed  work  followed  uy  a  group  at  Sana  la  Nationa 
wiio  studied  H”  production  in  magnetically  insulated  transmission  lines  (MITL)'"’.  Th 
..orks  gave  rise  to  tiie  hope  of  producing  intense  beams  of  H“  ions  in  nigh  power  diooe 
Following  this  approach  a  group  at  the  Lebedev  Institute  in  Moscow  reported^~°  a  sen 
experiments  in  a  cylindrical  symmetric  coaxial  magnetically  insulated  diode,  in  whicn 
ion  beams  with  current  densities  of  200  A/cm^  and  energy  of  a  few  hundred  keV  were  pr 
duced.  They  reported  that  a  high  voltage  prepulse  was  necessary  to  yet  these  iiigh  cu 
densities.  Independent  efforts  at  Ecole  Poly technique  in  France^®'^^  and  at  Tomsx^^ 
reproduce  and  understand  the  Lebedev  results  have  had  no  success  in  producing  hign  cu 
dens  1 1 ies . 
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2.  EXPERIMENTS  WITH  A  COAXIAL  DIODE 


The  first  experiments  were  done  on  a  cylindrically  symmetric  coaxial  diode.  The  uiodc 
consists  of  an  inner  cathode  made  of  a  conducting  cylinder  coated  with  a  uielectric  mater- 
iil  and  an  outer  wire  mesh  anode  (see  Fig.  1).  The  cathode  radius  was  1/e  of  the  anode 
ridius.  In  the  negative  ion  configuration  the  inner  cylinder  is  pulsed  negatively  and  the 
nesn  IS  at  ground  potential.  The  diode  was  adapted  to  the  UCI  APEX  pulse  line  that  nas  ■ 
no.iunal  output  of  1  MV,  140  kA  under  matched  conditions  with  a  pulse  length  ot  50  nsec. 


When  a  high  voltage  is  applied,  a  cathode  plasma  is  created  by  explosive  emission  caused  oy 
the  high  electric  fields. Negative  ions  are  extracted  from  the  plasma,  uccelviited  across 
the  gap  and  out  through  tne  wire  mesh.  An  axial  magnetic  field  of  14  Kilogauss  prevents  tne 
electrons  from  crossing  the  gap.  The  same  magnetic  field  was  used  for  mass-spectrometry  of 
the  particles  ejected  from  the  diode  (see  Fig.  1) .  A  box  with  a  0.5  mm  hole  in  it  was 
placed  outside  the  wire-mesh  anode.  Ions  emerging  through  the  hole,  and  deflected  by  the 
insulating  magnetic  field  were  traced  via  a  CR-39  track  detector.  Electrical  measurements 
of  the  beam  current  were  unsuccessful  due  to  the  beam  divergence  in  the  vertical  direction. 
This  diode  is  very  useful  for  diagnostic  purposes,  but  could  not  be  used  to  produce  an 
intense  beam  because  of  the  beam's  spatial  divergence. 

The  first  cathode  we  used  was  a  thin  sheet  of  polyethelene  covering  an  aluminum  rod. 

Beam  intensity  tanged  between  1-5  A/cm^  on  the  cathode  surface.  The  beam  consisted  of  H“ 
ions  as  well  as  C"  ions.  Ions  with  energies  ranging  from  80  kv  which  was  out  lowest  detec¬ 
tion  limit  were  detected.  Beam  divergence  in  the  azimuthal  direction  reached  0.3  radians  at 
an  energy  of  100  keV  and  was  about  70  milliradians  at  an  energy  of  about  500  keV.  CR-39 
pinhole  pictures  of  the  beam  revealed  the  existence  of  hot  spots  on  the  cathode  surface. 
Negative  ion  emission  from  those  spots  was  higher  with  a  larger  horizontal  beam  divergence. 
The  existence  of  C“  ions  together  with  H“  ions  was  verified  by  combining  ion  deflection  in 
the  magnetic  field  together  with  different  thickness  Mylar  films. 


Figure  1.  Coaxial  diode  with  insulating  magnetic  field  mass  spectrometry 

The  second  cathode  we  tried  consisted  of  bate  aluminum.  In  this  cathode  the  role  of 
absorbed  gases  on  the  metal  surface  was  investigated.  The  cathode  surface  was  sanded  and 
washed  thoroughly  with  propanol  before  being  installed  in  the  machine.  Negative  ion  cur¬ 
rents  of  about  0.5  A/cm‘  at  the  cathode  surface  with  a  divergence  of  less  than  40 
milliradians  in  the  azimuthal  direction  were  produced.  Both  H"  ions  and  C”  ions  were 
detected.  Tracks  on  a  CR-39  film  show  that  the  plasma  is  very  homogeneous  in  this  case. 

The  third  cathode  we  tried  was  made  of  graphite  and  produced  currents  of  1-3  A/cm^  with 
azimuthal  beam  divergence  of  40  milliradians.  The  beam  consisted  of  C~  ions,  a  comparable 
amount  of  C~  ions  and  about  lOt  H~  ions.  A  carbon  cathode  can  produce  very  clean  beams 
with  high  intensity  and  low  divergence. 

3.  EXPERIMENTS  WITH  A  RACETRACK  DIODE 

The  racetrack  diode  (see  Fig.  2a)  has  a  paddle  shape  and  is  located  at  the  middle  of  a 
wire  mesh  box  which  serves  as  the  anode.  The  same  box  is  used  to  hold  the  magnetic  field 
coil  turns.  This  type  of  diode  can  produce  a  parallel  ion  beam  if  there  were  no  insulating 
magnetic  field.  The  Faraday  cup  is  about  20  cm  from  the  cathode.  The  voltage  pulse  is  not 
constant  and  with  the  insulating  magnetic  field  we  usually  get  a  beam  with  a  very  narrow 
divergence  in  the  azimuthal  direction,  but  with  a  large  divergence  in  the  vertical  direc¬ 
tion.  Beam  intensity  measurements  were  done  with  a  Faraday  cup.  Time  of  flight  measurements 
with  the  Faraday  cup  revealed  current  peaks  of  H“,  C~,  and  CT  ions.  Current  measurements 
were  confirmed,  with  etch  pit  counting  on  CR-39  film.  Ion  species  identification  was  con¬ 
firmed  by  measuring  the  ion  current  with  a  Faraday  cup  covered  with  Mylar  films  of 
different  thickness. 

Various  types  of  cathodes  were  tried  in  this  configuration.  A  polyethelene  covered 
cathode  produced  ion  currents  of  5  A/cm^.  The  beam  usually  consisted  of  70%  H~  ions  and  30% 
carbon  ions.  Hot  spots  with  higher  ion  emission  and  larger  beam  divergence  were  identified 
on  the  cathode's  surface.  Beam  divergence  was  about  0.1  radians  in  the  azimuthal  direction. 


Another  type  o£  cathode  was  a  paddle  covered  with  catuon  brushes.  The  current  density 
of  the  brush  cathode  reached  8-10  A/cm^.  Beam  divergence  was  about  0.3  radians  in  the 
azimuthal  direction.  The  bulk  of  the  current  was  made  of  C"  and  C”  with  intensities  of 
about  4-5  A/cm^  of  each  species.  A  small  number  of  H"  ions  (about'^0.2  A/cm^)  was  measu 


red . 


Figure  2.  Magnetically  insulated  H"  cathodes 
4.  EXPERIMENTS  WITH  A  PREPULSED  FLAJHQVER  CATHODE 

The  highest  negative  ion  currents  were  produced  by  a  group  at  the  Lebedev  Institute. 

They  reported  that  a  high  voltage  prepulse  was  necessary  to  produce  currents  of  200  A/cm^. 
This  prepulse  is  caused  by  the  capacitive  coupling  of  the  output  switch.  This  prepulse  was 
about  25%  of  the  main  pulse  and  a  duration  of  2  tisec.  In  their  experiment  the  prepulse 
consists  of  a  negative  part  and  a  positive  part.  The  machine  used  in  this  experiment  (APEX) 
has  a  prepulse  of  about  2%  when  using  a  resistive  suppressor.  With  this  prepulse  we  were 
not  able  to  measure  any  negative  ions. ‘When  we  disconnected  this  resistor  we  got  a  prepulse 
of  about  10%  and  only  then  were  we  able  to  make  the  measurements  reported  above.  It  is 
clear  that  a  plasma  has  to  be  formed  in  the  machine  before  the  main  pulse  is  applied.  To 
investigate  this  we  have  built  a  prepulse  plasma  generator  which  produces  plasma  in  the 
high  voltage  gap  (see  Fig.  3).  The  generator  consists  of  a  high  voltage  circuit  embedded  in 
the  cathode  shank  and  a  plasma  generating  flashboard.  The  circuit  has  a  few  low  voltage 
batteries  connected  to  a  dc  to  dc  converter.  The  output  of  the  converter  is  about  3  kV  and 
it  charges  a  high  voltage  capacitor.  The  capacitor  is  discharged  through  a  krytron  switch 
and  a  small  low  inductance  transformer  into  the  flashboard.  The  krytron  is  triggered  by  a 
photodiode  which  is  triggered  by  an  external  light  pulse  produced  by  a  flashtube.  The 
flashboard  consists  of  120  grooves  each  filled  with  TiH2  and  connected  through  a  lio  Q 
resistor  to  the  output  of  the  circuit  transformer.  This  resistor  limits  the  current  through 
each  groove  creating  a  more  homogeneous  plasma.  A  60%  transparent  stainless  steel  wire  mesti 
was  put  in  front  of  the  gun.  With  the  wire  mesh  we  got  a  much  more  homogeneous  plasma  and 
prevented  arcing  caused  by  the  high  density  plasma  in  the  gap.  The  timing  of  the  plasma 
production  was  measured  with  a  light  collecting  fiber  optics  and  a  photomultiplier  system. 
Current  densities  were  measured  with  a  Faraday  cup  and  checked  with  etch  pit  counting.  With 
this  plasma  gun  we  will  be  able  to  control  the  plasma  production  time  and  its  properties. 


CHANCING 


Figure  3.  Prepulsed  plasma  gun  configuration 


Current  densities  reached  were  2  A/cm^.  Beam  divergence  was  a  function  of  the  delay 
between  plasma  creation  and  main  voltage  pulse.  With  a  delay  of  about  1.0  usec  the  beam 
divergence  in  the  azimuthal  direction  was  about  10  mill  iradians.  With  a  delay  of  2.5  lisec 


the  beam  divergence  grew  up  to  60  milliradians.  Without 
about  80  milliradians  for  a  delay  of  about  1  iisec..  Beam 


the  wire  mesh  beam  divergence  was 
intensity  was  larger  for  small 


flashboard  arc  current.  Beam  intensities  of  2  A/cm^  were  measured  when  current  through  each 
flashboard  point  was  about  5  A.  With  arc  current  of  250  A  beam  intensities  were  too  low  to 
be  measured  with  a  Faraday  cup.  The  behavior  is  probably  due  to  the  fact  that  negative  ions 


cannot  exist  in  a  plasma  witn  a  too  high  density. 

The  work  with  the  prepulsed  plasma  gun  has  just  begun.  In  the  future  we  will  investigate 
the  production  of  negative  ions  at  different  prepulsed  plasma  temperature  and  density  con¬ 
dition.  We  will  try  and  measure  the  effects  of  a  negative  and  positive  ptepulse  which 
create  high  currents  at  the  Lebedev  Institute.  We  intend  to  see  the  effects  of  a  negative 
ptepulse  by  bombarding  the  cathode  with  electrons.  The  electrons  will  be  produced  by  apply¬ 
ing  a  negative  pulse  to  carbon  brushes  close  to  the  grounded  wire-mesh.  We  also  will  study 
the  same  problem  with  an  annular  diode  geometry  (see  Fig.  2b).  This  diode  configuration 
gave  the  best  results  in  positive  ion  experiments  at  Irvine. 

5.  DIODE  PHYSICS  EXPERIMENTS 

The  mechanism  which  yields  a  high  production  of  from  a  hydrogen  plasma  is  not  well 
understood.  A  separate  investigation  was  conducted  at  McDonnell  Douglas  Corporation  on  the 
prepulse  discharge  itself  with  a  goal  of  understanding  the  physical  mechanisms  involved  and 
improving  the  H“  yield  and  emittance.  This  work  centered  on  the  use  of  a  planar  surface 
discharoe  as  the  ptepulse  discharge  source.  Following  the  basic  design  developed  by 
Beverly^^,a  diode  was  designed  with  a  discharge  formed  across  a  hydrogen  containing  dielec¬ 
tric  surface,  e.g.,  polyethylene.  This  type  of  discharge  has  several  characteristics  which 
imake  it  attractive  as  an  ion  source  for  this  application;  it  produces  a  large  homogenous 
flash  with  a  shockwave  of  ablated  material  ejected  perpendicular  to  the  dielectric  surface 
while  holding  the  plasma  against  the  surface.  These  ate  important  for  optimizing  beam  emit¬ 
tance  and  electron  density  near  the  surface. 

Although  the  surface  discharges  used  by  Beverly  we  e  typically  at  atmospheric  pressures 
or  above,  the  guidelines  developed  for  achieving  uniform  discharges  under  those  conditions 
were  used  as  the  basis  for  designing  a  H~  source  operating  at  relatively  low  gas  pressures, 
below  10~^  Pa.  The  low  pressures  are  desired  in  these  tests  to  reduce  the  interference 
effects  from  the  background  gases  as  well  as  from  surface  contaminants.  At  such  low  pres¬ 
sures,  however,  the  formation  of  a  uniform  discharge  becomes  difficult.  Beverly  specifies 
several  criteria  which  affect  the  flash  uniformity:  the  peak  applied  voltage,  the  rate  of 
the  initial  voltage  rise,  the  specific  capacitance  of  the  substrate,  the  background  gas, 
and  the  type  of  substrate  used.  The  use  of  a  conducting  backplane  under  the  dielectric 
material,  a  voltage  rise  rate  of  10^*^  V/s  and  the  geometry  of  the  electrodes  were  fixed  by 
design,  while  the  degree  of  overvoltage  and  discharge  energy  were  left  as  test  parameters. 

A  vacuum  test  chamber  was  prepared  for  these  experiments  using  a  6-way  glass  cross  to 
mount  the  source  and  provide  access  for  diagnostic  probes  (Fig.  4).  The  cross  is  connected 
to  a  stainless  steel,  150  mm  dia.,  vacuum  system  which  incorporates  a  quadrupole  mass  spec¬ 
trometer.  The  system  achieves  a  base  pressure  of  10'*^  Pa  with  the  largest  mass  spectrometer 
signal  being  water.  The  discharge  diode  is  mounted  on  the  end  of  a  high  voltage  coaxial 
feed  through  (Fig.  5,  side  view)  which  can  be  rotated  or  translated  to  position  the  source. 
The  discharge  circuit  consists  of  a  capacitor  bank  with  with  a  capacitance  of  0.3  ^ 

triggered  sparkgap,  and  a  water-CuSO^  load  resistor  adjusted  to  give  a  single,  noninverting 
discharge  pulse.  The  metal  backplane  on  the  diode  provides  a  distributed  peaking  capaci¬ 
tance  of  approximately  500  pf.  As  yet,  the  coils  for  the  magnetic  insulation  have  not  been 
installed. 


Figure  4.  Experimental  configuration  for  surface  flash  studies 

Several  electrode  configurations  were  examined  with  the  goal  of  achieving  the  best  flash 
uniformity.  These  are  shown  in  Fig.  5.  In  the  first  (Fig.  5a),  two  brass  Rogowski  elec¬ 
trodes  separated  by  5  cm  were  used  to  form  a  5  cm  wide  discharge  on  a  polyethylene 
substrate  0.16  cm  thick.  In  Fig.  5b,  the  electrode  separation  is  reduced  to  2  cm.  In  Fig. 
5c,  a  brass  wire  screen,  (5.4  x  5.4  lines/cm;  0.025  cm  dia.  wire),  was  embedded  in  the 


polyethylene  substrate  of  the  electrode  configuration  of  Fiy.  5a  with  just  the  crosses  of 
the  mesh  exposed.  This  screen  is  intended  to  reduce  surface  electric  fields  and  ptoviae  an 
electrode  for  H"  extraction.  Fig.  5d  shows  pointed  electrodes  separated  by  2  cm  on  poly¬ 
propylene  0.32  cm  thick. 


Figure  5.  Surface  flash  electrode  configurations  and  cut-away  drawing 

of  diode  assembly.  (a)  Rogowski  electrodes  with  5  cm  spacing, 

(b)  Rogowski  electrodes  with  2  cm  spacing,  (c)  brass  wire 
screen  embedded  in  polyethylene,  (d)  pointed  electrodes. 

Identification  of  ejected  species  is  accomplished  by  optical  and  mass  spectroscopy.  The 
emission  spectra  is  obtained  by  imaging  a  volume  of  the  discharge  plasma  into  a  1-meter 
Hilger-Cngis  monochromator  which  has  been  fitted  with  a  Polaroid  film  holder  to  obtain 
time-integrated  spectra.  At  low  pressures,  the  emission  spectrum  is  low  in  intensity  and 
appears  as  a  line  spectrum  with  most  of  the  emission  at  wavelengths  less  than  470  nm.  In 
the  spectra  obtained  by  looking  directly  at  discharges  on  hydrocarbon  containing  polymers, 

C  II  and  H  I  emission  lines  are  expected  to  be  the  most  prominent.  In  this  case,  the  line 
width  of  the  Ha  line  (656.3  nm)  can  be  used  to  obtain  an  electron  density  determination  as 
it  is  the  most  intense  line  in  the  spectrum. The  series  of  C  II  line  intensities  can  also 
be  used  by  plotting  them  to  determine  the  plasma  electron  temperature.  The  spectra  obtained 
to  date  indicate  the  presence  of  copper  from  the  brass  electrodes  but  are  not  of  sufficient 
quality  to  determine  the  derived  quantities. 

A  mass  spectrometer  is  used  to  determine  the  end  products  resulting  from  the  discharge 
as  well  as  changes  in  the  background  gases.  The  discharge  pulse  disrupts  the  mass  spectrom¬ 
eter  electronics  enough  that  data  cannot  be  obtained  during  a  discharge.  Therefore,  the 
mass  data  is  obtained  by  closing  off  the  chamber  and  recording  the  spectra  at  a  known  gas 
pressure  shortly  after  a  discharge.  The  background  spectra  are  obtained  in  the  same  way  by 
recording  the  spectra  when  the  chamber  reaches  the  same  pressure. 

Direct  measurements  of  ions  emitted  from  the  discharge  were  made  using  an  apertured  ion- 
collecting  probe.  This  probe  was  constructed  by  exposing  a  short  length  of  the  center  wire 
of  a  rigid  coaxial  conductor  and  wrapping  tantalum  foil  around  the  wire  to  form  a  collector 
This  was  enclosed  in  a  metal  shield  cup,  4  mm  in  diameter,  and  the  entire  assembly  was 
covered  with  Teflon  shrink  tubing  to  isolate  the  exposed  grounded  surfaces.  A  small  orifice 
in  the  shield  cup,  0.36  mm,  through  which  the  ions  entered,  made  the  probe  directional.  The 
ions  were  detected  using  a  transformer  to  monitor  the  current  drawn  to  the  collector  which 
was  biased  sufficiently  negative,  -45  V,  to  collect  only  positive  ions.  Also,  the  probe 
could  be  moved  to  provide  spatial  measurements  of  the  discharge. 

The  formation  of  H~  is  assumed  to  involve  electron  dissociative  attachment  with  a 
hydrogen  compound;  although,  surface  effects  may  be  an  important  factor.  To  understand  the 
mechanisms  involved, it  is  necessary  to  measure  the  electron  plasma  density  near  the  surface 
with  the  magnetic  insulation  in  place.  To  do  this,  we  have  constructed  a  laser  interferom¬ 
eter  which  can  probe  the  discharge  volume  to  within  a  few  millimeters  of  the  diode  surface 
without  perturbing  the  discharge.  A  schematic  of  the  system  is  shown  in  Fig.  6.  A  single 
mode  He:Ne  laser  operating  at  682.8  nm  is  used  as  the  probe.  This  is  a  relatively  short 
wavelength  for  electron  density  measurements,  but  it  has  the  advantages  of  making  the 
interferometer  less  sensitive  to  neutral  particle  densities  and  independent  of  plasma 
resonances  even  in  the  presence  of  kilogauss  magnetic  fields.  A  Mach-Zehnder  interferometer 
was  constructed  using  an  Invar  rod  frame  which  can  be  moved  relative  to  the  vacuum  chamber. 
A  piezoelectric-driven  cell  containing  mineral  oil  is  added  to  the  reference  leg  to  allow  a 
degree  of  compensation.  Rather  than  using  a  fringe  stabilization  technique  to  remove 
mechanical  vibration  effects,  a  zero-crossing  circuit  is  used  to  trigger  the  discharge  at  a 
time  when  the  signal  sensitivity  is  greatest.  Since  the  laser  signals  are  essentially 
constant  for  the  microsecond  time  scales  of  the  discharge,  the  problems  associated  with 
vibrations  are  eliminated. 


The  experimental  system  has  been  evaluated  without  magnetic  insulation  by  measurements 
of  electron  density  with  the  laser  interferometer  and  positive  ions  with  the  mass  spectrom¬ 
eter  and  ion  collection  probe.  Observations  to  date  have  shown  that  although  each  electrode 


con f  lyutac loii  in  Fig.  5  produced  very  uniform  discnarges  ut  bacKground  gas  pressures 
exceeding  C.l  Pa,  discrete  arcs  formed  across  the  surfaces  at  lower  pressures.  Over  the 
mesh  in  Fig.  5c,  however,  and  over  an  area  between  the  electrodes  in  Fig.  5d  of  about  2  cm 
wide  there  was  good  uniformity. 


Figure  6.  Mach-Zehnder  interferometer  system  used  for 
electron  plasma  density  measurements 

^The  ipass  spectrometer  measurements  confirm  that  following  each  discharge  H^,  ht,  C*, 

CH  ,  CH- ,  and  liigher  hydrocarbons  ate  produced  in  large  quantities  and  that  there^is  almost 
a  complete  loss  of  the  background  O2  along  with  a  reduction  in  H2O.  Polypropylene  was  found 
to  evolve  mote  H,  than  polyethylene  and  discharged  more  consistently.  Also,  the  use  of 
fluotinated  solids  for  insulators  and  surface  mounts  should  be  avoided  since  evolved  fluor¬ 
ine  acts  as  an  additional  electron  loss  mechanism. 

The  integrated  electron  density  inferred  from  multiple  interferometer  signals  is  shown 
in  Fig.  7  as  a  function  of  distance  from  the  surface  for  the  electrode  configuration  of 
Fig.  5d.  The  rapid  decrease  in  electron  density  implies  a  fairly  rapid  loss  of  electrons 
over  the  first  few  centimeters. 
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Figure  7.  Line  integrated  electrun  density,  n,*l,  determined  by  laser 

interferometry  as  a  function  of  the  distance  of  the  laser  beam 
from  a  polypropylene  discharge  surface.  The  path  length  1^2  cm. 

The  planar  surface  discharge  appears  promising  as  a  large  area,  high  emittance  source  of 
H~  ions  based  on  the  observed  yield  of  hydrogen  and  on  the  measurements  of  the  plasma 
density.  Of  course,  the  spatial  distribution  of  the  plasma  will  be  greatly  affected  with 
the  addition  of  a  magnetic  field,  although  this  should  actually  lead  to  an  increase  in  the 
plasma  density  found  near  the  surface.  The  plasma  density  should  then  be  high  enough. 


however,  for  a  favorable  production  of  H~  ions.  In  addition,  the  probe  measute.-nents  inoi- 
cate  a  small  angle  of  divergence,  although  mote  specific  measurements  of  the  emittance  will 
need  to  be  made  once  H~  ior.s  are  extracted  from  a  magnetically  insulated  diode.  Polypropy¬ 
lene  appears  to  be  a  better  source  material  than  polyethylene  in  terms  of  flash  uniformity 
and  H-atom  production.  It  is  no  worse  in  terms  of  charring  and  channeling.  Further  compari¬ 
son  of  plastic  dielectric  source  materials  and  perhaps  metal  hydrides  still  needs  to  be 
done  before  a  material  is  chosen  for  use. 

6.  BEAM  PROPAGATION 

If  a  relativistic  electron  beam  of  line  density  is  launched  on  an  ionized  channel 
with  Nj  electrons  within  the  beam  radius,  the  electrons  will  be  expelled  from  the  chan¬ 
nel  if  >  N^.  If  N-  >  the  number  of  electrons  expelled  will  be  The  beam  electrons 

then  see  only  the  field  of  the  ions  which  focus  the  beam.^°  The  plasma  ions  can  be  consid¬ 
ered  stationary  for  a  time  of  the  order  of  an  ion  plasma  oscillation  period... A  similar 
process  will  be  studied  for  H“  beam  propagation.  A  plasma  of  density  n  ~  lO^'*’  cm”^  will  be 
placed  in  a  drift  tube  trough  which  the  beam  propagates.  The  plasma  must  be  excluded  from 
the  diode  which  can  be  done  by  injecting  the  plasma  into  the  drift  tube  with  a  plasma  gun. 
The  H"  beam  would  expel  the  plasma  electrons  and  be  focused  by  the  corresponding  positive 
ions  of  tljie  plasma.  The  mean  free  path  for  stripping  the  electrons  from  H“  would  be 
X  =  (nci)~  3  100  m.  Collisional  scattering  and  energy  loss  should  also  be  negligible  over 
distances  of  up  to  10  m.  The  H"  ions  ate  not  relativistic  so  that  the  self-fields  do  not 
cancel,  but  the  sel f-magnet ic  field  is  unimportant  due  to  the  large  mass  of  H“  and  the 
sel f-electr ic  field  would  be  neutralized.  The  motion  of  the  plasma  ions  cannot  be  neglected 
but  the  effects  can  be  reduced  by  using  a  plasma  ion  that  is  much  heavier  than  H~. 

7.  Discussion 


We  conclude  that  it  is  possible  to  develop  magnetically  insulated  negative  ion  diodes. 
The  plasma  source  from  which  H"  is  extracted  is  very  sensitive  to  prepulse  which  means  that 
the  plasma  temperature  and  density  must  be  controlled  in  order  to  achieve  optimum  results. 
The  prepulsed  flashooard  described  enabled  us  to  investigate  this  problem  by  installing  it 
in  a  magnetically  insulated  diode  and  making  direct  measurements  of  H~,C~  extraction. 

Since  the  formation  and  extraction  of  negative  ions  is  not  well  understood  a  basic  diode 
physics  study  has  been  initiated  at  M.D.C.  The  expetime'^'  systems  and  preliminary  results 
are  reported. 

Negative  ion  beam  diodes  have  a  few  advantages.  A  negative  ion  beam  can  easily  be  con¬ 
verted  into  a  neutral  beam.  It  is  also  easier  to  get  a  beam  which  consists  of  only  one 
atomic  species.  In  addition  to  producing  intense  H~  beams  of  1-10  A/cm^  we  have  shown  that 
one  can  get  a  clean  high  intensity  be im  of  carbon.  It  is  very  easy  to  make  a  carbon 
cathode  -  and  the  ion  is  heavy  enough  to  be  less  sensit;  e  to  deflection  by  the  insulating 
magnetic  field. 

Beams  of  positive  ions  drag  electrons  with  them  which  neutralize  the  beam  and  enables  it 
to  propagate  with  a  very  small  spatial  divergence.  A  method  to  propagate  intense  negative 
ion  beams  has  been  proposed.  If  the  problem  of  negative  ion  beam  propagation  can  be  solved- 
intense  negative  ion  beams  should  find  many  applications  in  fusion  research,  as  well  as  in 
directed  energy  beam  systems. 
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ABSTRACT 


Conventional  dc  sources  of  H"  are  limited  to  current  densities  of  the  order  of  50  mA/cm^ 
for  sources  with  area  larger  than  a  few  cm^.  Early  work  at  UCI  and  more  recent  work  at  the 
Lebedev  Institute  have  shown  that  pulsed  magnetically  insulated  ion  diodes  can  produce 
current  densities  larger  by  factors  of  the  order  10^  -  10^.  We  studied  the  production  of 
negative  ion  beams  in  the  coaxial,  racetrack  and  annular  diode  geometries.  The  experiments 
showed  that  when  using  a  passive  dielectric  cathode  negative  ions  are  emitted  mainly  from  a 
few  "hot  spots"  located  on  the  cathode  surface.  The  angular  divergence  of  the  beam  was 
about  ■'00  m  i  1 1  i  tad  ians .  We  have  developed  a  TiHj  plasma  source  that  consists  of  120  dis¬ 
charges  on  a  flashboard.  The  resultant  cathode  plasma  is  quite  homogeneous  compared  to 
typical  polyethylene  passive  cathodes.  H“  ions  with  a  current  density  of  6  A/cm^  and  a 
divergence  of  10  milliradians  were  observed  with  this  source.  The  total  current  of  H”  ions 
was  about  1  kA.  The  current  density  is  many  orders  of  magnitude  larger  than  would  be 
expected  from  a  thermal  plasma  source.  A  non-equilibrium  model  is  advanced  to  explain  this 
f  act . 


1.  INTROPOCTION 

Power  losses  in  magnetically  insulated  diodes  led  to  the  suggestion  that  negative  ions, 
produced  in  the  cathode  plasma,  ate  responsible  for  these  losses.  Preliminary  experiments 
at  UCI^  showed  negative  ion  currents  of  10“^  times  the  space  charge  limited  value.  At 
Sandia  National  Labs,  H"  production  in  magnetically  insulated  transmission  lines  (MITL)^"^ 
was  observed.  A  group  at  the  Lebedev  Institute  in  Moscow  reported^"^  a  series  of  experi¬ 
ments,  in  which  H”  ion  beams  with  current  densities  of  200  A/cm^  and  energy  of  a  few  hundred 
keV  were  produced.  They  reported  that  a  high  voltage  prepulse  was  necessary  to  get  these 
high  current  densities.  Independent  efforts  at  Ecole  Polytechnique  in  France^®'^^  and  at 
Tomsk^^  had  no  success  in  producing  high  current  densities.  Following  these  experiments, 
the  problem  was  investigated  at  UCI^^'^^. 


Figure  1.  Different  types  of  diodes  used:  (a)  Coaxial  diode; 
(b)  Racetrack  diode;  (c)  Annular  diode. 

2.  EXPERIMENTS  WITH  PASSIVE  CATHODES 


2.1.  Experiments  with  a  coaxial  diode 
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the  beam  current  were  unsuccessful  due  to  the  beam  divergence  in  the  vertical  direction. 
This  diode  is  very  useful  for  diagnostic  purposes,  but  could  not  be  used  to  produce  an 
intense  beam  because  of  the  beam  spatial  divergence. 


Figure  2.  Ion  mass  spectrometry  using  the  insulating  magnetic 
field  in  the  coaxial  diode  configuration. 

With  a  polyethylene  cathode  beam  intensity  ranged  between  1-5  A/cm-  on  the  cathode 
surface.  The  beam  consisted  of  H~  ions  as  well  as  C~  ions.  Beam  divergence  in  the  azimuthal 
direction  reached  0.3  radians  at  an  energy  of  100  keV  and  was  about  70  milliradians  at  an 
energy  of  about  500  keV.  CR-39  pinhole  pictures  of  the  beam  revealed  the  existence  of  hot 
spots  on  the  cathode  surface.  Negative  ion  emission  from  those  spots  was  higher  -  with  a 
larger  horizontal  beam  divergence.  The  existence  of  C~  ions  together  with  H“  ions  was 
verified  by  combining  ion  deflection  in  the  magnetic  field  together  with  different  thick¬ 
ness  Mylar  films. 

The  second  cathode  we  tried  consisted  of  bare  aluminum.  Negative  ion  currents  of  about 
0.5  A/cm^  at  the  cathode  surface  wi.:h  a  divergence  of  less  than  40  milliradian  in  the 
azimuthal  direction  were  prod'  .  Both  H~  ions  and  C"  ions  were  detected.  Beam  mass 
spectrometry  showed  about  10%  H  ions,  about  45%  C~  ions,  and  about  45%  heavier  ions 
( probably  C^) • 

The  third  cathode  we  tried  was  made  of  graphite  which  produced  currents  of  1-3  A/cm- 
with  azimuthal  beam  divergence  of  40  milliradians.  The  beam  consisted  of  C"  ions,  a 
comparable  amount  of  Cj  ions  and  about  10%  H"  ions.  No  hot  spots  were  observed. 

2.2.  Experiments  with  a  racetrack  diode 


Various  types  of  cathodes  were  tried  in  the  racetrack  configuration  (Figure  lb).  Poly¬ 
ethylene  covered  cathode  produced  ion  currents  of  5  A/cm^.  Negative  ions  were  emitted  all 
along  the  high  voltage  pulse  with  a  larger  amount  produced  at.  the  low  energy  part  of  the 
pulse  When  we  put  2.5  urn  thick  mylar  film  on  the  Faraday  cup  the  ions  were  stripped  and  the 
Faraday  cup  collected  a  positive  current  Only  H~  ions  with  energies  higher  than  200  keV 
could  penetrate  this  thickness  of  mylar.  The  beam  usually  consisted  of  70%  H"  ions  and  30% 
carbon  ions.  Hot  spots  with  higher  ion  emission  and  larger  beam  divergence  were  identified 
on  the  cathode's  surface.  Beam  divergence  was  about  0.1  radians  in  the  azimuthal 
direction. 

Another  type  of  cathode  was  a  paddle  covered  with  carbon  brushes.  The  current  density  of 
the  brush  cathode  reached  8-10  A/cm^ .  Beam  divergence  was  about  0.3  radians  in  the 
azimuthal  direction. 

2.3.  Experiments  with  an  annular  diode 

Negative  ion  current  in  the  annular  configuration  (Figure  Ic)  was  measured  with  two 
Faraday  cups  placed  between  the  two  magnetic  coils.  With  polyethylene  cathodes  we  got  ion 
densities  of  about  2  A/cm^  with  divergence  of  150  milliradians.  When  we  used  a  carbon 
brushes  cathode  we  got  current  intensities  of  0.5  A/cm^  with  divergence  of  about  200  milli¬ 
radians.  Negative  ions  were  emitted  mainly  from  a  few  "hot  spots"  on  the  cathode  surface. 

3.  EXPERIMENTS  WITH  ACTIVE  CATHODES 


3.1.  The  prepulsed  plasma  gun 

The  work  reported  by  the  Lebedev  group  reported  that  a  ptepulse  is  essential  for  getting 
measurable  amounts  of  negative  ions.  Since  in  our  case  the  APEX  prepulse  could  not  he  con¬ 
trolled  and  the  results  of  the  passive  cathodes  used  showed  that  plasma  production  is 
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inhomogeneous  anH  of  random  nature,  we  built  an  independent  prepulse  plasma  producing  gun. 
Plasma  creation  time,  as  well  as  the  density,  can  be  controlled.  The  gun  consists  of  an 
electrical  circuit  embedded  in  the  cathode  shank,  and  a  plasma  producing  flashhoard.  The 
circuit  floats  on  the  APEX  high  voltage  producing  an  output  voltage  of  a  few  kilovolts  with 
currents  of  a  few  kiloamperes. 

The  plasma  gun  circuit  consists  of  a  high  voltage  part,  triggered  by  an  external  flash- 
tube  light  signal.  The  high  voltage  is  obtained  by  a  DC  to  DC  converter  which  is  energized 
by  rechargeable  batteries  and  charges  a  capacitor  to  3  kV.  The  capacitor  discharges  through 
a  spark  gap  to  the  primary  of  a  transformer  (1:2),  the  secondary  of  which  is  connected  to 
the  flashboard. 


The  flashboard  was  built  from  an  array  of  120  TiH2  filled  arcing  groves  and  can  be  seen 
in  Fig.  3.  The  plasma  gun  was  usually  operated  under  two  different  conditions:  under  low 
current  arc  (I  *  500  A;  C  =  0.25  pF) ,  and  under  high  current  (I  •  3.2  kA;  C  =  5  pF) .  Plasma 
parameters  were  measured  in  both  cases  with  a  double  Langmuir  probe.  Assuming  that  this  was 
a  pure  hydrogen  plasma  one  gets  for  the  low  current  conditions  a  density  of  about 
3  X  10^^/cm^  with  an  electron  temperature  of  3.2  eV,  and  for  the  high  current  conditions  a 
density  of  2  x  lO^^/cm^  with  an  electron  temperature  of  1.6  eV.  Plasma  gun  timing  was 
measured  with  a  fiber  optics-photomultiplier  system  which  measured  the  visible  light 
emitted  by  the  flashboard  compared  to  the  machine  high  voltage  pulse  timing. 
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Figure  3.  Plasma  gun  flashboard. 

3.2.  Experiments  with  a  racetrack  diode 
I 

With  a  low  current  plasma  gun  in  a  racetrack  geometry  ion  current  densities  reached  were 
2  A/cm^.  Maximum  current  densities  were  reached  for  delay  times  (between  plasma  gun  and 
machine  firing)  of  1-2  psec  and  then  decreased  slowly  as  the  delay  became  larger.  Beam 
divergence  was  about  100  milliradians  for  a  delay  of  1.0  psec. 

Under  high  flashboard  arc  current  conditions  negative  ion  beam  intensities  were  too  low 
to  be  measured  with  a  Faraday  cup.  The  behavior  is  probably  due  to  the  fact  that  negative 
)  ions  cannot  exist  in  a  plasma  with  a  too  high  density.  We  then  put  a  30%  transparent  screen 

in  front  of  the  plasma  gun.  Ion  current  density  measured  was  0.5  A/cm^.  Beam  divergence  in 
the  azimuthal  direction  was  in  this  case  only  about  10  milliradian  when  delay  was  1.0  psec. 
With  a  delay  of  2,5  psec  the  beam  divergence  grew  up  to  60  milliradians. 

3.3.  Experiments  with  an  annular  diode 

With  a  low  flashboard  gun  current  in  an  annular  diode  geometry  we  got  negative  ion 
►  current  densities  of  about  6  A/cm^  with  a  total  current  of  "  1000  A  and  beam  divergence  of 

150  milliradians.  The  results  had  a  good  repeatability.  Under  high  flashboard  current 
conditions  currents  of  about  3  A/cm^  and  divergence  of  250  milliradians  were  observed.  With 
a  fine  screen  in  front  of  the  gun  the  current  dropped  to  about  2  A/cm^  with  a  divergence  of 
100  milliradians.  No  ions  were  measured  with  the  Faraday  cup  for  delay  times  smaller  than 
1  psec.  Maximum  current  intensities  were  reached  for  delay  times  of  1-2  psec  and  then 
dropped  slowly. 

^  4,  DIODE  PHYSICS  AT  MCDONNELL  DOUGLAS 

In  a  separate  experiment  conducted  at  the  McDonnell  Douglas  Corporation,  another  pulsed 
magnetically  insulated  ion  diode  is  being  prepared.  The  facility  is  being  used  to  investi¬ 
gate  the  formation  of  H“  ions  in  a  working  ion  diode.  This  experiment  follows  from  the  work 
at  UCI  suggesting  that  pulsed  magnetically  insulated  ion  diodes  may  produce  substantially 
greater  H"  ion  current  densities  than  from  conventional  volume  ionization  sources.^"  An 
I  initiating  discharge  formed  across  a  hydrogen  containing  dielectric  (such  as  polyethylene 

or  polypropylene  sheets)  placed  on  the  cathode  of  the  diode  has  been  shown  to  be  essential 
for  obtaining  the  high  current  densities  of  H"  ions.  The  facility  incorporates  several 
diagnostics  to  study  the  physical  mechanism  involved  in  generation  of  high  H"  yields.  It 
also  incorporates  a  cathode  capable  of  generating  uniform  prepulsed  surface  discharges  even 
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in  a  high  vacuum. 

The  facility  is  shown  schematically  in  Fig.  4.  The  diode,  field  coils,  and  noc-^ssirv 
diagnostics  are  located  in  a  cubical  vacuum  chamber  measuring  41  cm  on  its  side.  The 
chamber  has  aluminum  sides  with  electrically  insulated  feedthroughs  to  minimize  pickun  and 
ground  loops.  The  base  pressure  of  this  chamber,  <  10"'*  Pa,  is  sufficiently  low  that  colli¬ 
sions  of  H"  ions  with  the  background  gases  is  not  significant.  The  prepulse  and  extraction 
voltages  are  fed  coaxially  through  a  plexigas  interface  from  a  61  cm  long  pressurized 
stainless  steel  chamber  that  also  serves  as  the  return  for  the  extraction  pulse  line. 
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Figure  4.  Sur face-f lashover  facility 

Incorporating  the  prepulse  circuitry  into  the  extraction  line  simplifies  the  connections 
made  to  the  cathode.  This  in-line  circuitry  which  comprises  two  6  kv,  3  |iF  capacitors  in 
parallel,  a  spark  gap,  a  step-up  autotransformer ,  and  an  optically  fired  trigger,  is 
enclosed  in  a  copper  cylinder  connected  to  the  extraction  pulse  line.  The  circuit  produces 
a  4  iisec,  -?0  kv  pulse  into  5  ohms  and  is  triggered  just  before  applying  the  extraction 
pulse,  (100  kV,  100  nsec).  A  similar  approach  has  been  used  at  tiCI  to  produce  surface 
discharges  over  a  TiH2  substrate.^®  A  brass  screen  attached  with  a  1  cm  gap  to  a  set  annular 
magnetic  field  coils  serves  as  the  anode. 

Uniformity  of  the  preflashed  discharges  was  a  serious  concern  in  designing  the  diode. 

One  difficulty  with  using  dielectric  coverings  over  cathodes  in  a  vacuum  is  that  the  pre¬ 
flash  discharges  frequently  collapse  into  discrete  arcs  on  the  surface  of  the  cathode.  This 
results  in  poor  beam  uniformity  and  inconsistent  shot-to-shot  performance  along  with  chat¬ 
ting  and  channeling  of  the  cathode  surface.  Such  problems  occurred  especially  in  our 
investigations  of  cathode  geometries  with  discharges  forming  over  open  dielectric  surfaces 
in  a  vacuum.  Such  problems  also  impede  the  performance  of  measurements  on  the  cathode, 
since  the  data  from  each  shot  must  be  treated  individually  and  is  not  always  reproducible. 

A  cathode  usable  in  an  ion  diode  that  produces  uniform  prepulse  discharges  over  its 
surface  is  being  used  in  the  facility.  A  schematic  of  the  technique  used  is  shown  in  a 
cross  sectional  view  of  the  cathode  in  Fig.  5.  An  array  of  discharge  tubes  is  created  by 
drilling  holes  (3.2  mm  in  diam,  4  mm  long)  through  a  dielectric  substrate  placed  behind  a 
brass  disk  that  serves  both  as  an  electrode  for  the  array  of  discharge  tubes  as  well  as  the 
cathode  for  the  diode.  Additional  dielectric  material  may  also  be  placed  directly  on  the 
cathode.  Resistors  placed  behind  each  tube  distributes  the  prepulse  evenly  to  all  the  tubes, 
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Figure  5.  Cathode  resistor  array  detail 


Clow  discharges  form  in  each  tube  as  dielectric  material  is  evolved  from  the  sides  of  the 
tube.  The  resulting  plasma  diffuses  out  onto  the  surface  of  the  cathode.  This  technique 
may  be  used  with  a  variety  of  dielectrics,  although  the  prepulse  requirement  may  vary. 
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nischarges  more  readily  form  over  polypropylene  than  polyethylene.  An  array  of  32  holes 
in  polyprooy lene  was  successfully  used  for  over  1300  shots  with  no  observed  charring.  Ooen 
shutter  photographs  show  that  the  discharges  in  this  cathode  fill  each  hole  uniformly.  The 
spectra  of  these  discharges  shows  prominent  hydrogen  (particularly  H^)  and  carbon  lines, 
while  mass  spectroscopic  measurements  of  the  residue  gases  following  the  discharges  confirm 
that  large  quantities  of  H  ,  H21  C  ,  CH^.  and  higher  hydrocarbons  are  produced.  Also,  pre¬ 
liminary  measurements  ind  icate"^  that  the  quantity  of  mass  evolved  peaks  at  preoulse  voltages 
between  20  and  25  kV.  This  may  arise  because  the  discharges  contain  too  many  runaway  elec¬ 
trons  which  carry  the  bulk  of  the  current  without  interacting  with  the  walls.  An  annular 
array  of  72  holes  is  currently  being  used  in  the  cathode  of  the  diode. 

5.  DISCUSSION 

The  results  of  measurements  done  on  different  diode  geometries  indicate  that  with 
passive  cathodes  negative  ions  are  emitted  from  a  few  hot  spots  on  the  cathode  surface. 

Beam  divergence  in  these  cases  was  largely  due  probably  to  transverse  electric  field  caused 
by  the  inhomogeneous  cathode  plasma.  The  same  phenomena  was  observed  in  positive  ion  diodes 
in  regards  to  electron  emission.^®  This  problem  causes  severe  ion  deflection  and  diode 
closure  in  any  high  voltage  diode.  The  plasma  gun  we  built  works  on  the  high  voltage  elec¬ 
trode  and  enables  one  to  produce  a  homogeneous  plasma  and  control  its  production  time  and 
parameters.  Perhaps  the  most  important  result  we  got  with  the  gun  is  that  the  experimental 
data  is  quite  reproducible,  unlike  the  case  of  the  passive  cathode. 

Negative  ions  are  probably  produced  by  neutrals  emitted  from  the  cathode  surface.  These 
neutrals  collide  with  electrons  in  the  negative  electron  charge  layer.  Since  the  electric 
field  penetrates  this  layer^'  all  negative  ions  are  extracted  and  accelerated.  Negative  ion 
destruction  by  collision  with  other  particles  does  not  occur.  The  cathode  plasma  tempera¬ 
ture  should  not  exceed  1  ev.  For  100  A/cm^  negative  ion  current  of  a  density  of  5F14/cm^ 
of  H“  is  required.  Assuming  a  10%  population  of  H~  in  the  plasma  and  1-101  total  ionization 
we  find  that  a  density  of  lE16-lE17/cm^  is  needed  at  the  surface  of  the  cathode.  The  mean 
free  pass  of  the  H“  in  such  an  environment  is  about  50  micrometers  and  the  lifetime  is  2 
ns.  Russian  work^°  indicated  that  a  current  of  electrons  of  a  few  tens  of  kA/cm^  is  needed 
to  maintain  the  production  of  the  negative  ions.  The  requirement  of  a  sharp  boundary  of  a 
1E17  particles  per  cm^  gas  layer  at  the  cathode  is  difficult  to  reach.  The  Russian  work 
indicates  that  it  can  be  done  by  a  complicated  sequence  of  prepulses  or  by  a  very  large 
laser.  We  have  had  modest  success  with  a  low  energy  cathode  plasma  gun  and  in  the  neat 
future  we  will  try  both  an  improved  version  of  the  plasma  gun  and  a  gas  puff  system  that 
hopefully  will  give  a  better  control  on  the  neutrals. 
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ABSTRACT 

Cas  puff  cathodes  offer  a  flexible  system  to  study  tbe  irechanlsip  of  the  negative  Ion 
formation  In  a  pulse  power-driven  cathode.  A  imgnetlcally  Insulated  gas  puff  diode 
has  been  built  at  LCT  and  the  formation  of  H  has  been  studied.  Hydrogen,  ammonia, 
butane  and  oxygen  were  Investigated.  Very  low  current  less  than  100  vA/cw'  of  H~  was 
measured  when  hydrogen  or  ammonia  were  puffed  Into  the  diode.  Butane  and  oxygen 
produced  at  least  ten  times  higher  current  density.  Probably  the  negative  Ion  pro¬ 
duction  In  the  butane  gas  puff  source  and  in  the  solid  polyethylene  cathode  source 
Is  due  to  the  Interaction  of  electrons  with  long  hydrocarbon  chains.  This  mechanism 
doesn't  require  the  formation  of  highly  excited  H^,  which  Is  needed  If  one  assumes 
the  source  of  the  H~  is  molecular  hydrogen  Interacting  with  electrons.  Because 
oxygen  Is  an  electro-negative  gas.  It  was  expected  that  negative  Ions  would  he 
produced.  These  Ions  were  used  to  test  the  negative  Ion  diagnostic.  The  divergence 
of  the  Ion  beam  coming  from  the  gas  puff  cathode  was  about  10  mr.  This  is  the  lowest 
divergence  that  has  ever  been  measured  at  TUT.  Improved  nozzles  that  will  produce 
higher  gas  gradient  between  the  cathode  and  the  anode  will  be  tested  In  the  future. 

1.  INTROnOCTION 

The  production  of  neutral  particle  beams  with  energy  over  100  kV  requires  starting 
with  weakly  hound  negative  ions  which  can  he  accelerated  and  then  stripped  to  neu¬ 
trals.  Many  workers  have  studied  the  problem  of  producing  negative  Ions,  usually 
H  ,  In  steady  state  plasmas.  We  are  Investlg.atl ng  the  use  of  transient  plasmas  and 
gas  puffs  In  con.iunctlon  with  magnetically  Insulated  Ion  diodes  to  explore  the  pos¬ 
sibility  of  obtaining  high  (klloampere)  currents  of  negative  Ions. 

In  plasmas  H”  Is  produced  most  commonly  by  dissociative  attachment  In  which  a  slow 
electron  collides  with  and  sticks  to  a  molecule.  The  molecular  Ion  then  breaks  Into 
two  or  more  fragments  Including  the  desired  negative  Ion.  Collisions  between  nega¬ 
tive  Ions  and  the  seed  neutrals  from  which  they  are  produced  naturally  eliminate 
negative  Ions  and  the  current  density  obtained  Is  always  limited  by  the  relative 
cross  sections  for  attachment  and  detachment. 

The  probability  of  dissociative  attachment  depends  strongly  on  the  enerev  of  the 
collision  and  Is  usually  expressed  as  a  cross  section  which  has  been  tabulated^  for 
a  variety  of  (simple)  molecules.  Cenerally  the  optimum  energy  Is  not  more  than  a  few 
eV.  Relatively  little  attention  has  been  paid  to  polyatomic  molecules  of  the  kind 
which  yield  the  best  results  in  pulsed  diodes. 

—20 

The  dissociative  attachment  cross  section  Is  on  tbe  order  of  ?  x  10  for  ground 
state  Hj.  The  Ionization  cross  section  Is  a  few  orders  of  magnitude  larger.  The  ^ 
current  density  of  steady  state  gas  dlschr  ge  (Penning)  sources  can  he  up  to  1  A/cm 
hut  the  total  area  is  small,  usually  less  than  1  cm^.  Surface  plasma  sources,  In 
which  negative  Ions  are  formed  In  contact  with  a  heated  cesium  loaded  surface,  give 
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on  the  order  of  .1  k/crP  with  a  total  current  of  a  few  airperes.  Vlhratl onal  1  y 
excited  hydrogen  Is  reported^*^  to  have  several  orders  of  iragnitude  l.’r  •  '■  ross 
section  hut  the  highly  colllslonal  conditions  needed  to  cause  the  excl.itlon  result 
In  protrpt  destruction  of  any  negative  Ions  forn'ed. 

The  Introduction  of  large  density  gradients  In  the  cathode  plastra  irlnlrrlzes  the 
prohleir  of  destructive  collisions.  Hsually  the  density  gradients  are  produced  hy 
allowing  a  dielectric  surface  to  flash  over  evaporating  sorre  of  the  dielectric  Into 
a  thin,  dense  laver  of  neutrals  and  plasira.  ti/hat  negative  Ions  form  then  have  a 
reasonable  chance  of  escaping  through  the  cathode  plasma. 

2.  PASSTVF.  CATFOPF*? 


Polyethelene  Is  the  most  popular  dielectric  surface  for  making  proton  beams  and  Is 
the  best  precursor  for  making  negative  Ions.  Carbon  contamination  Is  always  a  prob¬ 
lem.  Carbon  forms  stable  negative  Ions  with  more  binding  energy  than  P~;  we  used 
thin  foils  to  stop  the  carbon  selectively.  A  serious  complaint  Is  the  difficulty  In 
obtaining  a  uniform  cathode  plasma  which  Is  prerequisite  to  obtaining  a  well  colli¬ 
mated  beam.  Normally  a  dielectric  surface  breaks  down  at  a  few  points  on  the  surface 
producing  wildly  diverging  beamlets.  Prilling  arrays  of  holes  In  the  dielectric 
surface  tends  to  Induce  breakdown  at  each  hole  but  large  (megavolt)  cathode  poten 
tlals  are  required.  The  result  Is  an  array  of  hot  spots  which  tends  to  produce  a 
divergent  beam. 

C  O 

Our  work  was  Inspired  hy  Kol omensky's  report’  of  more  than  TOO  A/cm^  negative  hydro¬ 
gen  Ion  current  from  passive  polyethelene  cathodes  In  a  cylindrical  diode.  I'e  tried 
without  success  to  confirm  the  report. 


Prompt  diagnostics  consisted  of  a  pair  of  Faraday  cups  biased  to  collect  secondary 
electrons,  one  of  which  was  covered  with  a  ?p  mylar  foil  to  strip  H“  to  and  stop 
any  high  Z  Ions  like  C  .  The  Faraday  cups  were  carefully  shielded  and  we  could  see 
currents  down  to  about  1-7  irA/cm^.  Upon  getting  an  Ion  signature  (shown  In  Fig.  1 
for  the  coll  covered  Faraday  cup)  we  Installed  CP-3h  track  recording  plastic  either 
open  (to  count  particle  tracks)  or  In  a  pinhole  camera  to  study  cathode  plasma  uni¬ 
formity  and  beam  divergence.  A  single  layer  of  2|i  mylar  protected  the  CR-39  from  f  . 
A  fiber  optic  and  photomultiplier  system  measured  the  amount  and  timing  of  light 
emission  from  the  cathode.  Cathode  voltage  for  Ion  extraction  was  provided  by  a  700 
kV,  7  ohm  30  ns  pulseline  machine  with  the  usual  voltage,  current  and  Insulation 
field  monitors. 


The  first  experiments  were  basically  a  copy  of  the  cylindrical  diode  experiments 
done  at  the  Lebedev  Institute.  There  was  one  Important  difference:  Our  machine  had 
a  negative  prepulse  of  only  about  one  percent,  occurring  shortly  (230  ns)  before  the 
output  pulse.  The  results  were  null:  no  H~  was  seen. 

Upon  learning  of  the  huge  bipolar  prepulse  (15-30  percent,  1-2  ps)  on  the  machine 
used  for  the  early  work  we  attempted  to  Increase  ours  hy  removing  the  prepulse  sup¬ 
pression  resistor.  This  had  the  effect  of  Increasing  the  prepulse  to  about  10 
percent,  hut  the  timing  was  unchanged  and  the  polarity  was  negative.  In  contrast  to 
the  positive  and  negative  swing  seen  on  the  Russian  machine.  We  observed  about  10 
A/cm^  from  cathode  hot  spots,  with  1-2  N/cw  1  f  we  average  uver  the  entire  cathode. 
The  reproducibility  wjs  pour  and  the  divergence  varied  from  100-300  mr. 


These  results  fell  far  short  of  the  promise  of  the  Initial  report,  hut  were  not 
surprising  given  that  we  had  a  rmch  smaller  prepulse  which  occurred  only  a  few 
hundred  nanoseconds  belore  the  main  pulse.  Tn  our  experiments,  the  Faraday  cup 
signals  were  In  the  form  of  short  pulses,  usually  not  more  than  10  ns  In  duration  at 
the  start  of  the  diode  voltage  pulse.  Implying  that  we  were  extracting  an  accunxilated 
population  of  Ions.  The  Russian  workers  used  nuclear  activation  methods  to  monitor 
Ion  production,  so  the  time  dependence  of  the  Ion  flow  Is  not  known.  It  seemed 
likely  that  we  needed  to  form  a  cathode  plasma,  and  then  wait  for  an  appreciable 
time  (some  microseconds)  to  give  negative  ions  time  to  form  before  applying 
extraction  voltage. 


3.  ACTIVE  CATHOPES 


3.1.  Plasma  flashboarda 

It  was  decided  to  develop  an  active  (self-powered.  Independently  triggered)  cathode^ 
based  on  plasma  sources  we  developed  for  other  appl Icatlons.  That  gave  us  Indepen¬ 
dent  control  over  the  amount  of  energy  Invested  In  the  cathode  plasma  and  the  timing 
of  Its  creation. 

If  a  spark  Is  drawn  between  titanium  hydride  electrodes  a  relatively  clean  hydrogen 
plasma  results,  but  the  usual  method  Is  to  apply  tens  of  kilovolts  to  a  single  elec¬ 
trode  which  breaks  down  to  form  a  point  source  of  plasma.  We  have  developed  a  flash- 
board  plasma  source  capahle  of  generating  surface  densities  on  the  order  of  10^° 
over  200  cm^. 

Titanium  hydride  powder  la  sotmewhat  conductive,  and  If  It  Is  attached  to  an  Insulat¬ 
ing  surface  with  sodium  silicate  binder  the  resulting  paint  breaks  down  between 
grains  at  the  application  of  only  a  few  kilovolts.  The  discharge  can  be  made  uniform 
over  an  area  of  more  than  one  square  centimeter  and  the  low  voltage  makes  It  easy  to 
subdivide  the  flashboard  coating  into  small  cells  with  ballast  resistors.  The 
flashboard  assembly  for  the  annual  diode  Is  shown  In  Fig.  2. 

The  entire  system  consists  of  a  copperclad  circuit  board  which  forms  the  substrate 
of  the  flashboard,  a  capacitor  discharge  circuit  to  deliver  the  needed  energy  and  an 
optical  trigger  circuit  (Fig.  3)  to  synchronize  the  flashboard  to  the  beam  generator. 
The  flashboard  Is  mounted  on  the  face  of  the  cathode,  while  the  rest  of  the 
circuitry  resides  In  the  cathode  shank.  This  arrangement  was  necessitated  by  the 
design  of  the  beam  generator,  which  uses  an  interface  too  thin  to  house  Isolation 
Inductors  or  other  electrical  penetrations.  For  this  reason  It  was  decided  to  make 
the  active  cathode  completely  self-contained  and  electrically  Isolated. 

A  capacitor  was  charged  to  2.7  kV  by  a  PC  to  TT  converter  powered  by  NlCd  batteries. 

A  small  ceramic  metal  spark  gap  switched  the  capacitor  Into  an  Isolation  transformer 
which  then  drove  the  Individual  cells  of  the  flashboard  through  ballast  resistors. 

The  spark  gap  was  triggered  by  a  krytron  triggered  by  an  SCR  triggered  by  a  FFT 
triggered  by  a  photodiode.  The  delay  from  photodiode  to  flashboard  was  only  a  few 
microseconds,  with  about  half  a  microsecond  Jitter. 

Two  nodes  of  operation  were  used.  Tn  the  high  current  mode  the  storage  capacitor  was 
2  pF  and  the  discharge  current  was  3.2  kA.  Tn  the  low  current  mode  a  .23  pF  capaci¬ 
tor  was  used,  with  a  total  discharge  current  of  about  POO  A. 
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The  plasir.T  production  characteristics  were  studied  ii9ln>!  Lanpirulr  probes  and  Hpht 
output  to  determine  the  temporal  and  spatial  evolution  of  the  plasma.  'Measurements 
were  made  using  a  double  probe  In  the  racetrack  diode  configuration  wl chout^lnsula- 
tlon  or  accelerating  fields.  The  piastre  had  a  density  of  3  to  13  x  10‘^/cm^  at  a 
distance  of  4-7  cm  and  an  expansion  velocity  of  8  cm/ps.  Application  of  a  .3  T  field 
effected  complete  confinement  to  the  resolution  of  the  probe  (1  cm).  Open  shutter 
photographs  demonstrated  uniform  breakdown  of  each  section  as  shown  In  Fig.  4. 

The  plasma  temperature  appeared  to  he  somewhere  between  1  and  3  eV.  The  binding 
energy  for  Is  only  .6  eV  while  the  Ionization  energy  for  H"*"  is  13.6  eV.  Obviously 
H~  Is  not  a  favored  state,  but  we  hoped  to  find  something  in  the  cold  end  of  the 
dl strlhutlon. 

The  active  cathode  system  was  tried  In  both  racetrack  and  annular  geometries,  and 
perforred  about  the  same  In  both  cases.  The  best  results  were  6  \fcv/  (average  over 
100  cm”^)  with  about  10  tnr  divergence  using  the  low  current  mode  and  1.5  ps  delay 
between  the  onset  of  plasma  light  and  application  of  accelerating  voltage.  An 
Illustrative  Faraday  cup  trace  Is  shown  In  Fig.  5. 

3.2.  Gas  puff  cathodes 

Oenslty  gradients  can  also  be  trade  using  a  fast  valve  to  create  a  gas  puff  with  a 
rlsetlme  short  compared  to  the  gas  transit  time  across  the  anode-cathode  gap.  The 
Idea  was  to  construct  a  cathode  plasma  in  which  dense  cold  gas  expands  through  a 
region  occupied  by  a  swarm  of  trapped,  slow  electrons  In  the  presence  of  a  strong 
electric  field.  The  applied  field  removes  the  Ions  as  they  form,  before  destructive 
collisions  can  occur.  Tt  Is  well  known  that  fiber  cathodes  Ignite  uniformly  at  low 
fields,  and  we  have  Incorporated  carbon  fibers  as  electron  emitters  Into  our  Ion 
diode  designs.  Tn  Its  present  form  the  gas  Is  emitted  from  small  apertures  surround¬ 
ing  carbon  fiber  bundles  which  serve  as  cathodes.  Figure  6  gives  a  sectional  view  of 
the  cathode  assembly  and  puff  valve.  Figure  7  shows  the  electrical  circuit  which 
operates  the  valve. 

The  choice  of  gas  presents  some  difficult  compromises.  Hydrogen  would  be  the 
cleanest  source,  but  the  dissociative  attachment  cross  section  In  cold  gas  Is  only 
2  X  10~  Tt  has  been  reported  that  the  dissociative  attachment  cross  section  Is 
several  orders  of  magnitude  larger  for  hydrogen  which  Is  In  a  high  state  of  vibra¬ 
tional  excitation.  The  achievement  of  high  vibrational  excitation  has  been  attempted' 
by  passing  the  puffed  gas  through  an  arc  at  a  few  atmospheres,  hut  It  mist  then  be 
allowed  to  expand  freely:  Wall  collisions  will  de-exclte  It,  and  unless  the  density 
Is  lowered  H~  has  no  chance  for  survival. 

We  made  an  attempt  to  measure  H~  production  from  cold  H2  puffs  but  could  measure  no 
Ions  and  decided  to  resort  to  more  complex  molecules  which  had  larger  published 
cross  sections  for  dissociative  attachment. 

Ammonia  would  seem  to  he  a  good  candidate  with  a  large  cross  8ectlon(57  x  10“^*^  cm^) 
and  no  contamination  (there  Is  no  stable  M”)  hut  It  gave  no  measurable  Ion  flux.  We 
also  tried  loading  the  cathode  fibers  with  horane  ammonia,  a  complex  of  In 

the  hope  of  seeing  h“  derived  either  from  the  ammonia  or  borane.  The  attachment 
cross  section  for  borane  Is  not  known  but  the  published  value^  for  silane  SIH^  Is 
enormous;  2.2  x  1^^.  No  H~  was  detected.  We  did  not  attempt  to  use  silane  gas 
because  of  Its  reportedly  toxic  and  pyrophoric  nature. 


Me  decided  to  try  a  hydrocarbon  puff  to  aee  If  a  long  irolecule  worked  better.  Tt  was 
speculated  that  larpe  nwlecules  with  many  Internal  vibrational  inodes  could  make  less 
elastic  collisions  with  electrons  and  exhibit  higher  cross  section.  Unfortunately  we 
could  find  no  published  figures  for  molecules  having  more  than  5  atoms. 

Putane  was  the  longest  -rhaln  hydrocarbon  which  we  could  easily  use  In  the  valve.  It 
gave  about  10-20  nA/cm^  of  H~.  The  resulting  beam  exhibited  very  good  divergence  of 
about  10  mr.  The  high  molecular  weight  limited  the  nobility  of  the  gas  and  we  were 
able  to  puff  In  enough  gas  to  load  the  diode  without  shorting  It. 

That  butane  worked  better  than  ammonia  or  borane  ammonia  leads  us  to  suspect  that 
molecular  structure  Is  somehow  important.  The  pressure  in  the  gas  puff  was  lower  in 
the  case  of  butane  than  any  other,  so  we  were  working  with  less  starting  density. 

The  density  gradients  were  probably  smaller  than  In  the  case  of  the  borane  ammonia 
loaded  cathode  fibers. 

fine  of  the  persistent  problems  with  gas  puff  diodes  has  been  gas  breakdown  due 
either  to  gas  reaching  the  electrical  terminals  or  strong  electric  fields  due  to  the 
rapid  rise  of  the  magnetic  field.  The  result  of  any  anode  plasma  formation  In  the 
diode  Is  a  short.  We  experimented  briefly  with  a  diode  In  which  the  anode  was  in  the 
form  of  a  solid  plate  of  graphite  In  the  hope  that  It  would  keep  the  gas  away  from 
high  electric  field  regions  and  so  avert  any  breakdown.  Tons  were  to  he  extracted 
through  a  small  number  of  ports  In  the  plate.  The  result  was  a  significant  Increase 
In  electron  leakage  and  a  complete  absence  of  negative  Ions. 

4.  SOMKART 

Three  approaches  to  the  production  of  Intense  n”  beams  have  been  explored.  Passive 
polyethelene  cathodes  give  the  highest  current  density  but  suffer  from  divergence 
and  reproducibility  problems.  Titanium  hydride  flashboard  cathodes  give  mch  better 
divergence  and  reproducibility  with  nearly  comparable  current  density.  Gas  puff 
cathodes  provide  good  divergence  but  the  lowest  current  density.  We  expect  that 
better  results  will  come  from  other  gases.  A  summery  of  results  Is  given  In  Table  1. 

Me  suspect  that  the  quality  of  the  magnetic  Insulation  Is  Important  for  much  more 
than  limiting  the  flow  of  leakage  electrons.  Any  dissociative  attachment  process 
depends  on  having  collision  energies  of  no  more  than  a  few  eV.  If  the  magnetic 
insulation  Is  leaky  electrons  gain  energy  temporarily  as  they  gvrate  through  the 
cathode  field.  Fnergy  transfer  to  the  electrons  of  only  a  few  parts  per  million  Is 
sufficient  to  ensure  that  collisions  will  be  too  violent  to  permit  the  formation  or 
survival  of  negative  Ions. 
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Tahle  1. 

SuiTjrary  of  Results  for  Various  Cathodes 


CATHODE  TYPE 

CURRENT  DENSITY 
A/cm^ 

COMMENTS 

Polyethelene 

10  A/cm2  peak 

(1-2  A/cm2  average) 

large  divergence 
poor  reproducibility 

Active  titanium 
hydride 

6  A/cm2  (average) 

Good  divergence  and 
reproducibility 

Hydrogen  puff 

<1  mA 

Butane  puff 

O.OIS 

Good  divergence  (10  mr) 
and  reproducibility 

Borane  Ammonia 
loaded  fibers 

<2  niA 

Ammonia  puff 

<2  mA 

Oxygen  puff 

"o.i 

Open  Faraday  cup 
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2>iin  mylar  on  Faraday  cup 


Figure  1.  Ion  signature  on  a  foil  covered 
Faraday  cup  from  a  passive  polyethelene 
cathode. 
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a:  Flashboard  &oat  view. 


b;  Flaabboard  <<ide  view. 


Figure  2.  Flashboard  assembly  for  the  annular  diode 


FLASHBOARO 


Figure  3.  Capacitor  discharge  and  optical  trigger 
circuits  for  the  dashboard  cathode. 
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Figure  4.  Open  shutter  photographs 
of  flashboards  In  operation. 
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Figure  7.  ConCrol  circuit  for  the  puff  valve 


